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On the Color of the Orinoco River Plume 
Ana L. Odriozola 
ABSTRACT 
 
 
 In situ measurements were used to study the bio-optical properties of marine waters 
within the Gulf of Paria (GOP, Venezuela) and in the Southeastern Caribbean Sea (SEC) 
as they are affected by the seasonal discharge of the Orinoco River plume. The main 
purpose of this study was to determine the impact of colored dissolved organic matter 
(CDOM) (also known as Gelbstoff), phytoplankton, and total suspended matter (TSM) in 
the color of the Orinoco river plume. This information is essential for regional ocean 
color algorithms development.  
 Salinity and silica values indicate that the GOP and SEC waters were under the 
influence of the Orinoco River plume during both seasons. This riverine influence 
resulted in high values of Gelbstoff absorption, ag(λ), which contributed to up to 90% of 
the total absorption at 440 nm in both the GOP and SEC regardless of the season. 
Phytoplankton absorption contributions were normally around 5%, but during the dry 
season these values reached 20% in the SEC. Ratios of ag(440) to aph(440) were 
extremely large, with most of the values ranging from 10 to 50.  
 Due to the strong absorption by Gelbstoff, light at the blue wavelengths (412 nm, 440 
nm and 490 nm) was attenuated to 1% of the subsurface irradiance in the first 5 m of the 
water column within the GOP, and in the first 10 m of the water column in the SEC. 
Furthermore, the absorption by Gelbstoff significantly decreased the water leaving 
radiance (Lw(λ))  in the blue wavelengths along the Orinoco river plume. As ag(λ) 
relatively decreased from the GOP to the SEC ( X≈ 1.6 m-1and X≈ 0.9 m-1, respectively), 
 xi
a shift in the maximum peak of  Rrs(λ) spectra (Rrsmax(λ)), towards shorter wavelengths 
(from ~ 580 nm to ~500 nm) was observed. 
 Similar to Gelbstoff, concentrations of TSM normally decreased from the stations 
near the Delta to the stations in the SEC. The impact of TSM on the color of the Orinoco 
plume was represented by a reduction in the magnitude of Rrsmax(λ) of ~50% going from 
the waters near the Orinoco delta to the SEC, indistinctively of the season.  
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Introduction  
 
 
 Ocean color studies have helped develop methods to assess the biomass of marine 
phytoplankton using remote sensing techniques. These studies have intensified in the last 
10 years, driven by the need to understand the role of phytoplankton and dissolved 
organic matter (DOM) in the global carbon budget; the spatial and temporal variability of 
productivity over large and regional scales; and, the quality of coastal waters. However, 
we still know little about the optical characteristics of river plumes. This is an important 
topic because of the influence of rivers on the color of adjacent marine waters. In the case 
of large rivers, such as the Amazon and Orinoco Rivers, this influence extends hundreds 
to thousands of kilometers from the river's delta and affects the open ocean as well. 
Regional and global chlorophyll and primary production estimates are affected by river 
plumes as is the interpretation of other regional processes when using remotely sensed 
data from ocean-color satellites. 
 Significant accuracy improvements in parameter estimates derived from satellite-
based sensors, (such as open ocean chlorophyll concentration) have taken place since the 
launch of the Coastal Zone Color Scanner (CZCS) in 1978. A second generation of ocean 
color satellite sensors were launched in the late 1990’s; they include the Sea-viewing 
Wide Field of View Sensor (SeaWiFS) and the Moderate Resolution Imaging 
Spectroradiometer (MODIS). These second generation sensors have higher radiometric 
sensitivity, higher spectral and spatial resolution, and better calibration, therefore they are 
expected to perform better in estimating chlorophyll-a concentrations (Hooker et al., 
1993; McClain and Fargion, 1999; Doerffer et al., 1999). 
 Pigment concentrations may be derived from radiance measurements collected over 
the ocean by satellite sensors using bio-optical algorithms. Some of the most used 
algorithms are empirical, and are based on statistical regressions of radiance versus 
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chlorophyll (O’Reilly et al., 1998 and 2000). Satisfactory results can be obtained for 
oligotrophic Case I waters (Morel et al., 1977), in which phytoplankton and their 
derivative products play a dominant role in determining the bio-optical properties of the 
ocean. 
 Coastal waters, however, have been recognized as optically complex 
(Sathyendranath, 2000). Phytoplankton pigments may not be the main cause for changes 
in the color of these Case II waters (Morel et al., 1977), and other particulate and 
dissolved substances may be present in concentrations high enough to affect the color of 
the water, thus masking the signal due to phytoplankton pigments. Among these 
substances are colored dissolved organic matter (CDOM, also called Gelbstoff), detritus, 
and other suspended sediments. Even the most robust global bio-optical algorithms in use 
today usually fail to be accurate in turbid coastal waters. 
 This study uses in situ measurements of key bio-optical properties of the Orinoco 
River Plume, with the purpose of assessing the relative importance of phytoplankton, 
CDOM, and suspended sediments in defining the color of this plume. The results of this 
study will help improve algorithms used to study coastal waters using remote sensing 
techniques. This information would be valuable in the understanding of the contribution 
of dissolved organic matter (DOM) and its colored fraction to the carbon budget in the 
SEC.  
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Objectives 
 
 
The overall focus of this research is to assess the bio-optical properties of the Orinoco 
River plume. The general objective is to describe the seasonal and spatial variability of 
bio-optical properties of the Gulf of Paria (GOP) and Southeastern Caribbean Sea (SEC) 
during low and high Orinoco River discharge. 
Specifically, this study: 
1. Determines the contribution of colored dissolved organic matter (CDOM) and 
of suspended particles (e.g. phytoplankton and detritus) to the color of the water 
observed in the GOP and SEC. 
2. Determines the optical patterns characteristic of the plume relative to the total 
attenuation of light (absorption dominated versus scattering dominated).    
3. Determines the impact of the bio-optical properties that characterize the 
Orinoco River plume on the performance of ocean color and bio-optical 
algorithms. 
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Study Site 
 
 
 Many studies have examined the impact of the Orinoco River plume on the Caribbean 
Sea and Atlantic Ocean (Müller-Karger et al., 1989; Bidigare et al., 1993; Bonilla et al., 
1993; Blough et al., 1993; Farmer et al., 1993; Hochman et al., 1994; Del Castillo et al., 
1999; Corredor and Morell, 2001; Morell and Corredor, 2001; Corredor et al., 2004). 
However, there has been no systematic assessment of seasonal changes in the bio-optical 
properties of the Orinoco’s plume. 
 
Orinoco River 
 The Orinoco River originates in the southern part of Venezuela (Figure1), and 
discharges waters from about 31 major and 2,000 minor tributaries into the western 
tropical Atlantic. The Orinoco is considered to be the third largest river in the world in 
terms of volumetric discharge (after the Amazon and the Congo) discharging an average 
of 3.6 x104 m3 s-1 (Muller-Karger et al., 1989) as estimated at Puente Angostura 
(Venezuela). Therefore, this widely published estimate does not include the contribution 
from the Caroni River, which enters the Orinoco downstream of where the hydrograph 
was monitored historically. 
 Figure 2 shows the Orinoco River hydrograph based on data collected from 1923 to 
1989. Low discharge occurs during the dry season (January – May) and high discharge 
during the rainy season (July – October) as a result of the meridional migration of the 
Intertropical Convergence Zone (ITCZ). Maximum discharge occurs around August, with 
a mean of 7x104 m3 s-1. Minimum flow occurs around March with a mean of 1x104 m3 s-1 
(Bonilla et al., 1993; Muller-Karger et al., 1989).  
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 Some of the waters of the Orinoco River originate in the ancient Guyana Shield, and 
as the river flows toward the ocean it receives waters from the Andes mountains and  
from the Venezuelan plains or Llanos (Paolini, 1995). Because of its discharge rate, the 
Orinoco delivers between 86.3 and 150 x 106 tons yr-1 of suspended sediments to the 
Atlantic and Caribbean waters (Bonilla et al., 1993; Meade et al., 1990; Lewis and 
Saunders, 1990). Between 85% and 90% of the suspended sediments found in the 
Orinoco are contributed by waters from the Andes and the Llanos (Meade et al., 1990). 
Large quantities of suspended solids and dissolved substances give the Orinoco a “white” 
color. In contrast, the waters draining the Guayana Shield are typical “black waters”, with 
very low concentrations of suspended solids (Monente and Colonnello, 1997) but high 
concentrations of CDOM (Lewis and Saunders, 1990). 
 The concentration of dissolved and particulate matter in the Orinoco River depends 
on seasonal discharge. According to Paolini (1995), high concentrations of  
particulate organic carbon (POC) and particulate organic nitrogen (PON) (0.6-1.0 and 
0.22-0.38 mg l-1, respectively) are found in the main river stem during rising water (May-
June), while lower values are found during the low water period (January – April). Mean 
concentrations of dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) 
in the main stem of the river were reported in 4.4 mg l-1 and 160.17 mg l-1 by Lewis and 
Saunders, 1989 and 1990.  Meade et al., (1990) observed that suspended sediment 
concentrations were characterized by two maxima and two minima, with one of the 
minima taking place during the peak water discharge (August to September). 
 Lewis and Saunders (1990) reported that nitrate is the dominant form of inorganic 
nitrogen found in the tributaries and in the main stem of the Orinoco (around 80 µg l-1). 
Nitrite showed very low values and phosphate values were around 10 µg l-1. 
 In spite of the relatively high nutrient concentrations, Lewis and Saunders (1990) 
found low gross photosynthesis values in the Orinoco main stem and in its tributaries 
(consistently below 50 mg C m-2 day-1). They also reported chlorophyll concentrations 
within the main stem ranging from 0.11 µg l-1 to 0.18 µg l-1 chlorophyll a. They finally 
concluded that the phytoplankton biomass within the river never reached high levels, and 
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values were characteristic of oligotrophic lakes. Lewis and Saunders (1990) concluded 
that light was a limiting factor. 
 The Orinoco River discharges between 3.5 and 6.8 x 106 metric tons of organic 
carbon into the ocean per year (Lewis and Saunders, 1990; Monente and Colonnello, 
1997). Monente and Colonnello (1997) estimated that while total organic carbon 
concentrations in the main stem of the Orinoco River are about 3.14 mg l-1 not all of this 
actually reaches the ocean. They estimated that much of this is retained in the delta, 
reducing the discharge of organic carbon into the ocean to 3.0 x 106 metric tons per year. 
 
Orinoco Delta 
 The Orinoco Delta, also known as the Lower Orinoco, is geomorphologically 
complex and large, covering an area of about 22,500 km2. Five or more different but 
inter-related hydrologic zones can be identified within the delta, based on their 
hydrochemical characteristics (Monente and Colonnello, 1997). Its largest channels are 
Boca Grande, Mánamo, and Macareo (Figure 1). The Manamo and Macareo tributaries 
are blocked by dams with regulated flow. 
 
Gulf of Paria 
 The Gulf of Paria (GOP) is a semi-enclosed basin adjacent to the northern region of 
the Orinoco Delta. The exchange of water and sediment with the Atlantic Ocean and the 
Caribbean Sea are controlled by two narrow channels located to the south (Serpent’s 
Mouth) and to the north (Dragon’s Mouth) of the Gulf. According to Warne et al. (2002) 
the GOP receives and retains a significant portion of the sediments discharged from the 
Mánamo and the Boca Grande channels. Waters and sediments discharged through Boca 
Grande may mix with waters and sediments from the Amazon River before entering the 
Gulf. 
 Bonilla et al. (1993) found that, in spite of low nitrate concentrations in the GOP, 
primary productivity is high. Primary productivity values in Dragon’s Mouth were higher 
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during the dry season (31.0 µg C m-3 h-1 than during the wet season (12.9 µg C m-3 h-1) 
They attributed the high productivity to recycling of nutrients. 
 
The Orinoco River Plume in the Southeastern Caribbean Sea 
 The Orinoco River plume has significant impact on the quality and quantity of light 
available to surface waters of the Caribbean. Using satellite imagery from the Coastal 
Zone Color Scanner (CZCS) Muller-Karger et al. (1989) showed the seasonal dispersal 
of the Orinoco River plume in the eastern Caribbean Sea. This plume covers an area 
exceeding 3 x 105 km2 every year. 
 Bidigare et al. (1993) found only small seasonal variations in the concentration of 
chlorophyll a in the subsurface chlorophyll maximum of the Caribbean Sea. During high 
river discharge and when the Orinoco plume was present in the southeastern Caribbean 
Sea, the depth of the subsurface chlorophyll maximum was 39 ± 16 m and diatoms 
dominated the subsurface phytoplankton communities. During low river discharge, the 
subsurface chlorophyll maximum was deeper (77 ± 12 m), and the phytoplankton 
communities were distributed in two layers, an upper layer (<60m) dominated by light-
adapted phytoplankton populations (mainly cyanobacteria), and a lower layer (60 m – 
200 m) dominated by shade-adapted phytoplankton populations (chromophytes and green 
algae). 
 Farmer et al. (1993) reported that during the fall, all the UV light is absorbed within 
the upper 5 m of the plume in the Caribbean Sea. The loss of UV light at shallow depths 
shows the effect of colored dissolved organic matter (CDOM) in the plume. Blough et al. 
(1993) reported high values of CDOM throughout the eastern Caribbean during the 
period of high Orinoco river discharge. They estimated that the annual discharge of 
CDOM by the Orinoco is around 2.5 x 1012 g C yr-1, or about 1% of the total global 
transport of dissolved organic carbon to the ocean. Del Castillo et al. (1999) also found 
that high concentrations of dissolved organic carbon (DOC) and abundance of CDOM in 
the eastern Caribbean were related to the Orinoco river plume. CDOM was a major factor 
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controlling light penetration, and therefore, it also controlled the position of the 
chlorophyll maximum under the plume. 
 Due to the interference of CDOM, it has been difficult to obtain good estimates of 
surface chlorophyll concentrations for that portion of the Caribbean under the influence 
of the Orinoco River plume using traditional ocean color algorithms and remotely-sensed 
data (Muller-Karger et al., 1989; Hochman et al., 1994). This study further describes the 
optical properties of the plume. 
 
   
GOP
Orinoco River
South Eastern Caribbean   
Dragon’s Mouth 
Serpent’s Mouth
Boca Grande  
ORD   
Macareo 
channel 
Mánamo 
channel 
 
Figure 1. Study Region  
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Figure 2. Composite Orinoco River runoff at Puente Angostura, showing maxima, 
minima, and mean monthly values, using climatology data from 1923 to 1989 (Source: 
Muller-Karger et al., 1989; Vörösmarty et al., 1996 and Vörösmarty et al., 1998) 
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Data Collection and Processing 
 
 
Scientific Expeditions to the Orinoco River and Plume 
 Optical and other oceanographic measurements were collected during six different 
cruises to the Orinoco Delta, Gulf of Paria, and southeastern Caribbean Sea (Figure 3) on 
board of the R. V. "Hermano Ginés". These cruises were done as part of NASA's 
SIMBIOS program (Sensor Intercomparison and Merger for Biological and 
Interdisciplinary Oceanic Studies). Two annual cruises were carried out in each of three 
years starting in June of 1998 (Table 1). The cruises sought to occupy approximately the 
same stations during high and low river discharge (Table 2). Measurements collected 
during each cruise are summarized in Table 3. Most samples and optical measurements 
collected in these expeditions were processed at the “Estación de Investigaciones Marinas 
de Margarita (EDIMAR)” of La Salle Foundation, with the exception of the nutrient 
analysis and flow-trough measurements processing which were carried out at the College 
of Marine Science, University of South Florida (USF). 
 
CTD casts and Water Sample Analyses 
 Vertical profiles of salinity, temperature, attenuation coefficient (c660), and 
chlorophyll fluorescence were carried out at each station. The instruments were placed in 
a “rosette” which included a Sea-Bird Conductivity, Temperature, and Depth (CTD) 
sensor, a SeaTech beam transmisometer (660 nm), and a Chelsea chlorophyll 
fluorometer. Water samples were collected at each station at 1 m depth using 8L Niskin 
bottles placed in the “rosette”. 
 Water samples for pigment analyses were filtered through GF/F filters. The pigments 
were extracted using hot methanol (99.8%) and then measured fluorometrically (Holm-
Hansen et al., 1965) using a Turner Designs Fluorometer model 10-AV. 
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 Nutrient determinations for silica (Si(OH)4), phosphate (PO4), nitrite (NO2) and 
nitrate (NO3) were carried out following the methods described by Gordon et al. (1993), 
while the method by Grasshoff (1976) was used for the determination of ammonia (NH4). 
 Total suspended matter (TSM) concentrations were determined using the method of 
Aminot (1983).  
 
Absorption coefficients 
 Water samples for particle absorption (ap) were filtered using Whatman GF/F filters 
of 25 mm diameter. Enough water was filtered to exceed an optical density of 0.04 at 675 
nm (Bissett et al., 1997). The volumes filtered ranged from 0.05 to 2.0 L.  
The absorption coefficients were measured following the filter pad method 
described by Kishino et al. (1985), as modified by Bricaud and Stramski (1990). A 
PHOTORESEARCH PR-650 (Spectrascan) spectroradiometer with a 4 nm spectral 
resolution and a band range of 380 nm to 780 nm was used to measure the optical density 
of the filters. After the first measurement, phytoplankton pigments were extracted by 
soaking the filters with hot methanol (99.8%), and the optical density of the filters was 
measured one more time to account for the absorbance due to de-pigmented particles 
(detritus).  
 Particle and detritus absorption coefficients (ap and ad, respectively) were then 
obtained by following the Mitchell and Kiefer (1988) method, as modified by Bricaud 
and Stramski (1990). The absorption coefficient of phytoplankton (aph), was then 
calculated as the difference between ap(λ) and ad(λ).   
 Gelbstoff or CDOM (colored dissolved organic matter) are the yellow-brown colored 
organic compounds present in river and seawater. They absorb light in the near ultraviolet 
and in the blue regions of the spectrum (Pilson, 1998). More specifically, the CDOM 
consists of humic and fulvic acids, which can originate from local sources (e.g. local 
phytoplankton degradation) or land sources and transported from a distant location (e.g. 
via river runoff). Gelbstoff absorption, ag(λ), is usually as a proxy for CDOM 
concentrations. 
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 Samples for ag estimates were filtered using pre-combusted glass-fiber filters 
(Whatman GF/F 0.7 µm pore size) to remove particulate material. To collect the water 
samples, the filters were mounted in pre-combusted stainless-steel holders and connected 
directly to the Niskin bottles using silicon tubing. Then the absorbance of the filtrate was 
measured using a 10 cm long cuvette and an Ocean Optics spectrophotometer with a 
spectral resolution of 0.23 nm and a spectral range of 185 nm to 475 nm.  
The absorbance or optical density (D) was estimated as:    
  D = log10( I0 / I) (Kirk, 1994) 
Where: 
 I0, is the intensity of incident light 
 I, is the intensity of transmitted light 
The absorption coefficient (a) was obtained from the absorbance (D) by 
a  = 2.303 D/r   with  a pathlength, r = 0.1 m 
The absorption spectra by CDOM typically decreases with increasing wavelength in 
an exponential form (Kirk, 1994; Blough and Del Vecchio, 2002); therefore, an 
exponential function (Bricaud and Prieur. 1981) was used to fit the absorption spectra and 
calculate the slope (S) using a nonlinear least squares fitting routine after a logarithmic 
transformation of the data. Any spectra for ag that did not follow an exponential curve 
was excluded from this study.  
 
Surface Reflectance and Subsurface Radiometric Measurements 
 Radiometric measurements were collected underwater using a PRR-600 radiometer 
from BIOSPHERICAL INSTRUMENTS, and above water using a PR-650 (spectrascan) 
from PHOTORESEARCH. Software created at the Institute for Marine Remote Sensing 
(IMARS) using IDL (from Research Systems Inc.) were used to process the data 
collected by these instruments. The measurements and processing of the radiometric data 
were carried out following the Ocean Optics Protocols for Satellite Ocean Color Sensor 
Validation (Mueller et al., 2002). 
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 Underwater measurements included profiles of spectral downwelling irradiance 
Ed(z,λ), upwelling irradiance Eu(z,λ), and upwelling radiance Lu(z,λ). To assess Ed(0-,λ) 
and Lu(0-,λ), where 0- indicates values just below the air-sea interface, the profile 
measurements of Ed(z,λ) and Lu(z,λ) were normalized using the sky irradiance Esky(λ) 
measured on deck, and extrapolated to the sea surface using a least squares fit routine 
from the shallowest depth where a clean profile was collected (i.e. one not obviously 
contaminated by surface artifacts such as wave focusing of light rays, or bubbles). 
Diffuse attenuation coefficients for Ed(λ), or Kd(λ), were derived by integration of 
Ed(z,λ) over depth, using a linear least-squares fit. Kd(λ) was used to calculate the 
wavelengths and the depth of maximum light penetration (zmax), defined here as the depth 
at which light is reduced to 1% of the subsurface irradiance (ζ = 4.605) was estimated as 
(Bukata et al., 1995 and Kirk, 1994): 
ζ (λ,z) = Kd(λ)zmax 
zmax = 4.605 / Kd(λ) 
 
 Remote sensing reflectance, Rrs(λ), is defined as the ratio of water leaving radiance, 
Lw(λ), to downwelling irradiance, Ed(λ) (Carder and Steward, 1985; Mobley, 1994; and 
Kirk, 1994).  Rrs(λ) values were derived from above-water measurements of Ed(λ), total 
radiance Lt(0+,λ), and downwelling sky radiance Lsky(λ). Since direct measurements of 
Lw(λ) are not available, this was estimated from Lt(λ) and Lsky(λ) using a Fresnel 
reflectance of 0.02 (Mobley, 1994): 
  Lw (λ) = Lt (λ) - (Lsky (λ) * 0.02) 
 
 Measurements of Lt(λ) and Lsky(λ) were collected with θ ~ 30° from nadir for Lw(λ) 
and from zenith for Lsky(λ), and azimuth ϕ ~ 90° from the solar plane. 
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Flow-through Measurements 
A WET Labs ac-9 was used to measure total attenuation, total absorption, and total 
scattering (by difference) in a flow-through mode along the cruise track without filtration. 
Following the WET Labs ac-9 User’s Guide, the instrument was calibrated with Milli-Q 
water and the total absorption was corrected for scattering by subtracting the absorption 
at 715 nm from the absorption at all wavelengths (Zaneveld et al., 1994). 
Chlorophyll and CDOM fluorescence, temperature and salinity were also measured 
along track using a WETLabs WETStar fluorometer, a Turner Designs Fluorometer 
model 10-AV, and a SeaBird Electronics conductivity-temperature-depth (CTD), 
respectively.   
The data from the different instruments were merged based on time, along with the 
geographic position data collected with a GARMIN GPS, using a program created in 
IDL. 
 
Phytoplankton Taxonomy 
Water samples for phytoplankton taxonomy were collected directly from the Niskin 
bottles after each CTD cast, and were immediately preserved using 5% formaldehyde. 
Back in the lab, phytoplankton species were identified by light microscopy using phase 
contrast optics (Hasle and Syvertsen et al., 1996). Cell counts were made using 
sedimentation cameras in an inverted microscope.  
 
Ocean Color and Bio-optical Algorithms 
 The term ‘ocean color’ is used to describe the spectral composition of the visible light 
emitted from the ocean as a result of the irradiance spectra, atmospheric conditions, 
viewing geometries, and the absorption and scattering properties of the water and its 
constituents (McClain, 2001). The term ‘bio-optical’ was initially used to acknowledge 
the fact that optical properties in the water largely depend on biological activity, mainly 
on phytoplankton and their derivatives (Morel, 2001). These two terms are sometimes 
used interchangeable when referring to algorithms or models. While ‘ocean color 
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algorithms’ can be described as those developed for the main purpose of deriving 
geophysical quantities (e. g. chlorophyll concentrations) from optical measurements, 
commonly represented by the irradiance reflectance or remote sensing reflectance (R(λ) 
and Rrs(λ), respectively), ‘bio-optical algorithms (or models)’ are commonly used to 
predict and/or analyze the inherent optical properties (IOPs), such as absorption and 
scattering coefficients, of the water and its constituents.  
 Empirical, semi-empirical, or analytical approaches are available when developing an 
algorithm (Morel and Gordon, 1980). The Empirical approach is based on statistical 
regressions and is commonly used on ocean color algorithms; the analytical approach is 
based on the radiative transfer theory and is commonly used on bio-optical models. These 
approaches can be combined within one algorithm that can be used both to derive 
geophysical quantities and optical properties of water constituents (e.g. Carder et al., 
1999).       
 
SeaWiFS OC4v4 Algorithm   
  In this study, the SeaWiFS empirical ocean color (OC) algorithm OC4v4 was used 
with in situ above water Rrs measurements at 443, 490, 510, and 555 nm to derive 
chlorophyll-a concentrations for some of the stations in the SEC. The derived 
chlorophyll-a concentrations, [Chl_ader] were compared to in situ measurements of 
chlorophyll-a, [Chl_ain situ] to validate the performance of this OC algorithm, without 
considering the implications surrounding atmospheric corrections in coastal waters. 
 OC4v4 relates Rrs band ratios to chlorophyll-a concentrations using a fourth order 
polynomial equation, as follows: 
 
2 3 4  der 4 4 4 4(0.366 - 3.067R + 1.930R  + 0.649R - 1.532R )Chl_a 10.0=  
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where, 443 490 510555 555 5554 10R =log (R >R >R ) , the superscript and subscript indicate the 
wavelengths used in each band ratio, the maximum band ratio (MBR) is used by the 
algorithm (O’Reilly et al., 2000). 
 
 The percentage error %E between [Chl_ader] and [Chl_ain situ] was calculated as: 
 
 %E = 100*[Chl_ader – Chl_ain situ]/Chl_ain situ 
 
Negative values of %E indicate that the derived chlorophyll values were underestimated, 
and positive values indicate that the derived chlorophyll values were overestimated.  
 
Bio-optical Inversion Model 
 In situ above water, radiometric measurements were used to derive absorption and 
backscattering coefficients using a hyperspectral, remote sensing reflectance inversion 
model developed by Lee et al. (1999). This model uses an optimization technique to 
minimize the differences between a measured Rrs(λ) and a modeled Rrs(λ). The 
minimization is carried out by adjusting the values of a group of variables provided as 
input to the model. For this purpose, upper and lower limit values are initially set for each 
variable. These variables include: total absorption and total backscattering coefficients 
(a(λ) and bb(λ), respectively), bottom albedo (ρ), and bottom depth (H). When the 
difference between the measured Rrs(λ) and the modeled Rrs(λ) reaches a minimum, the 
values of a(λ) and bb(λ), ρ and H are derived, and can be compared to measured values. 
  This model is based in the assumption that in a vertical homogenous water column, 
and ignoring inelastic scattering contributions, Rrs(λ) can be modeled as a function of the 
variables mentioned above (Lee et al., 1999).  Even though, the water column in the 
southeastern Caribbean is not homogenous due to the presence of a lower salinity layer, 
the model was applied since measurements of the diffuse attenuation coefficient (Kd) 
showed most of the light was attenuated in this surface layer (see Light field section). 
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Therefore, it is assumed that the bottom layer has a negligible influence in the optical 
signal coming out from the surface.  
 
 The Rrs inversion method developed by Lee et al. (1999) uses the following 
approximation: 
Rrsraw(λ) ≈ Rrs(λ) + ∆  
   
∆, is a spectrically constant offset 
Where,  
1. Rrsraw(λ) is calculated from above-surface measurements of upwelling radiance, 
Lu(λ), sky radiance, Lsky(λ), and dowelling irradiance, Ed(λ) (these were the only 
parameters input into the model): 
  
Rrsraw(λ) = Trs(λ) – F(θ)Srs(λ), 
u
rs
d
LT
E
= , skyrs
d
L
S
E
=  
 Trs, is the total remote sensing reflectance 
 Srs, is the sky input  
2. Rrs(λ) is the modeled Rrs(λ) derived from a semi-analytical model developed by 
Lee et al. (1998) : 
 
0.5Rrs
1 1.5
rs
rs
r
r
≈ − , 
  
1 1 11 exp exp
cos( ) 2 cos( ) 2
C B
dp u u
rs rs
w w
D Dr r H Hκ ρ κθ π θ
⎛ ⎞⎧ ⎫ ⎧ ⎫⎡ ⎤ ⎡ ⎤⎪ ⎪ ⎪ ⎪≈ − − + + − +⎜ ⎟⎨ ⎬ ⎨ ⎬⎢ ⎥ ⎢ ⎥⎜ ⎟⎪ ⎪ ⎪ ⎪⎣ ⎦ ⎣ ⎦⎩ ⎭ ⎩ ⎭⎝ ⎠ , 
(0.084 0.170 )dprsr u u≈ + ,  
0.51.03(1 2.4 )CuD u≈ + ,  
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0.51.04(1 5.4 )BuD u≈ + , 
/( )bu b a b= + , 
ba bκ = + , 
bb = bbw + bbp, 
a = aw + aph + ag 
 
  dprsr , is the remote sensing reflectance for optically deep water 
  CuD , is the optical path elongation factor for scattered photons from the water 
column 
  BuD , is the optical path elongation factor for scattered photons from the bottom 
  u and k, are inherent optical properties 
  bb, is the total backscattering coefficient 
  bbw, is the backscattering coefficient of pure water 
  bbp, is the backscattering coefficient of suspended particles 
  a, is the total absorption coefficient 
  aw, is the absorption coefficient of pure water 
  aph, is the absorption coefficient of phytoplankton pigments 
  ag, is the absorption of gelbstoff  
 
 A detailed description of the semi-analytical model and the remote sensing inversion 
model can be found in Lee et al. (1998) and Lee et al. (1999). 
 The derived aph and ag values at 440 nm were compared to the Gelbstoff and 
phytoplankton coefficients at this wavelength determined from water sample analysis. 
The percentage error between the derived and measured values was computed as: 
 
%E=100* /der mea meai i iQ Q Q⎡ ⎤−⎣ ⎦  
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Where deriQ  represents the quantity derived (either aph or ag) and 
mea
iQ represents the 
measured quatity (either aph or ag). 
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Figure 3. Location of the sampling stations for each cruise  
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Table 1. Orinoco-SIMBIOS Cruises 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  CRUISE ID DATES   SEASON  
  SIM1 (9) Jun. 24 – Jun. 28, 1998 Dry-wet
  SIM2 (16) Oct. 27 – Oct. 30, 1998 Wet
  SIM3 (15) Feb. 23 – Feb. 28, 1999 Dry
  SIM4 (14) Oct. 26 – Oct. 30, 1999 Wet
  SIM5 (14) Mar. 27 – Mar. 31, 2000 Dry
  SIM6 (17) Oct. 21 – Oct. 26, 2000 Wet
( ) = number of stations sampled
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Table 2. Location and date for each station 
Continued on the next page 
 
STATION
LAT.      
(N)
  LON. 
(W) DATE STATION
LAT.      
(N)
LON.     
(W)   DATE
SIM1_4 10.78 -62.00 25-Jun-98 SIM4_3 10.03 -62.06 28-Oct-99
SIM1_5 10.79 -61.85 25-Jun-98 SIM4_4 10.55 -61.89 29-Oct-99
SIM1_6 10.67 -61.83 26-Jun-98 SIM4_5 10.73 -61.83 29-Oct-99
SIM1_7 10.55 -61.89 26-Jun-98 SIM4_6 10.80 -61.81 29-Oct-99
SIM1_8 11.01 -61.87 26-Jun-98 SIM4_7 10.82 -61.96 29-Oct-99
SIM1_9 11.22 -62.00 26-Jun-98 SIM4_8 10.93 -61.78 30-Oct-99
SIM1_11 11.02 -61.81 27-Jun-98 SIM4_9 11.11 -61.81 30-Oct-99
SIM1_12 11.10 -61.89 27-Jun-98 SIM4_10 11.28 -61.82 30-Oct-99
SIM1_13 11.16 -61.95 27-Jun-98 SIM4_11 10.17 -62.10 28-Oct-99
SIM2_2 10.11 -62.11 27-Oct-98 SIM4_16 9.77 -61.81 27-Oct-99
SIM2_14 10.03 -62.01 27-Oct-98 SIM4_17 9.85 -61.83 26-Oct-99
SIM2_15 10.01 -62.02 27-Oct-98 SIM5_1 9.98 -61.80 29-Mar-00
SIM2_16 10.00 -62.02 27-Oct-98 SIM5_2 10.00 -61.93 29-Mar-00
SIM2_3 10.43 -61.96 28-Oct-98 SIM5_3 10.03 -62.06 29-Mar-00
SIM2_4 10.55 -61.89 28-Oct-98 SIM5_4 10.55 -61.89 30-Mar-00
SIM2_5 10.68 -61.83 28-Oct-98 SIM5_5 10.67 -61.83 30-Mar-00
SIM2_6 10.81 -61.83 28-Oct-98 SIM5_6 10.78 -61.83 30-Mar-00
SIM2_7 10.78 -62.00 28-Oct-98 SIM5_7 10.78 -62.00 30-Mar-00
SIM2_10 11.21 -61.79 29-Oct-98 SIM5_8 10.94 -61.78 31-Mar-00
SIM2_9 11.11 -61.80 29-Oct-98 SIM5_9 11.10 -61.78 31-Mar-00
SIM2_8 11.02 -61.78 29-Oct-98 SIM5_10 11.27 -61.78 31-Mar-00
SIM2_5b 10.67 -61.83 30-Oct-98 SIM5_11 10.17 -62.08 29-Mar-00
SIM2_6b 10.79 -61.83 30-Oct-98 SIM5_12 11.43 -61.78 31-Mar-00
SIM2_17 10.95 -61.86 30-Oct-98 SIM5_16 9.84 -61.61 27-Mar-00
SIM2_18 10.87 -61.94 30-Oct-98 SIM5_17 9.76 -61.75 28-Mar-00
SIM3_1 9.98 -61.80 24-Feb-99 SIM6_1 9.98 -61.80 24-Oct-00
SIM3_2 10.00 -61.92 24-Feb-99 SIM6_2 10.00 -61.93 24-Oct-00
SIM3_3 10.03 -62.06 24-Feb-99 SIM6_3 10.03 -62.06 24-Oct-00
SIM3_4 10.55 -61.89 25-Feb-99 SIM6_4 10.55 -61.89 25-Oct-00
SIM3_5 10.73 -61.83 25-Feb-99 SIM6_5 10.67 -61.83 25-Oct-00
SIM3_6 10.80 -61.81 25-Feb-99 SIM6_6 10.78 -61.83 25-Oct-00
SIM3_7 10.82 -61.96 25-Feb-99 SIM6_7 10.78 -62.00 25-Oct-00
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Table 2. (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
STATION
LAT.      
(N)
  LON. 
(W) DATE STATION
LAT.      
(N)
LON.     
(W)   DATE
SIM3_8 10.93 -61.78 26-Feb-99 SIM6_8 10.94 -61.78 26-Oct-00
SIM3_9 11.11 -61.81 26-Feb-99 SIM6_9 11.10 -61.79 26-Oct-00
SIM3_10 11.28 -61.82 26-Feb-99 SIM6_10 11.27 -61.78 26-Oct-00
SIM3_11 10.17 -62.10 24-Feb-99 SIM6_11 10.17 -62.08 24-Oct-00
SIM3_14 9.82 -61.59 23-Feb-99 SIM6_12 11.43 -61.78 26-Oct-00
SIM3_15 9.80 -61.81 23-Feb-99 SIM6_15 9.90 -61.68 23-Oct-00
SIM3_16 9.77 -61.81 23-Feb-99 SIM6_16 9.84 -61.61 21-Oct-00
SIM3_17 9.85 -61.83 24-Feb-99 SIM6_17 9.58 -61.75 22-Oct-00
SIM4_1_1 9.98 -61.80 28-Oct-99 SIM6_19 9.93 -61.67 24-Oct-00
SIM4_1_2 10.00 -61.87 28-Oct-99 SIM6_20 10.42 -61.93 25-Oct-00
  SIM4_2 10.00 -61.92 28-Oct-99
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Table 3. Oceanographic and bio-optical measurements collected during each cruise 
 Continuous Profiles: 
1. CTD Profiles 
a. Temperature 
b. Salinity 
c. In vivo chlorophyll fluorescence 
d. Attenuation coefficient at 660 nm (c660) 
Discrete Samples: 
2. Chlorophyll a and Phaeopigments 
3. Total Suspended Matter (TSM) 
4. Nutrients (NO3, NO2, NH4, Si(OH)4) 
5. Phytoplankton Taxonomy 
6. Absorption  Coefficients: 
a. Particle absorption (ap): 
i.Phytoplankton absorption (aph) 
ii.Detritus absorption (ad) 
b. Gelbstoff absorption (ag) 
7. Radiometric Measurements: 
a. Under water (Ed, Eu, Esky, Lu) 
b. Above water (Ed, Lt, Lsky) 
Flow-through measurements (only available for SIM6): 
8. Total absorption (a) and total attenuation (c) at nine wavelengths: 
              412nm, 440nm,  488nm, 510nm, 532nm, 555nm, 650nm, 676nm, 715nm 
9. Chlorophyll fluorescence  
10. Colored dissolved organic matter (CDOM) fluorescence 
11. Temperature 
12. Salinity 
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Results and Discussion 
 
 
Previous studies concerning the seasonal and spatial variability of bio-optical 
properties in the Orinoco River (OR), Gulf of Paria (GOP) and Southeastern Caribbean 
(SEC) were usually restricted to one or two parameters (Muller-Karger et al., 1989; 
Bidigare et al., 1993; Blough et al., 1993; Hofman et al., 1994; Battin, 1998; Del Castillo 
et al., 1999). This study integrates, for the first time, measurements of inherent optical 
properties (IOPs), apparent optical properties (AOPs), and concentrations of pigment and 
suspended matter. 
This section begins with an analysis of the distribution and variability of temperature, 
salinity, nutrients, pigments, suspended solids, and phytoplankton species, and follows 
with a description of the variability of the IOPs and AOPs.  
 
Temperature and Salinity Distribution 
Hydrographic conditions within the GOP and the SEC vary seasonally. The 
meridional migration of the inter-tropical convergence zone (ITCZ) influences 
precipitation in the region and therefore river discharge. The dry season occurs when the 
ITCZ is at its southernmost extent. It is characterized by maximum wind speed and 
evaporation and by minimum sea surface temperatures and precipitation. Conversely, the 
wet season, when the ITCZ is at its northern location, is characterized by minimum wind 
speed and evaporation and by maximum temperature and precipitation (Aparicio-Castro, 
2003).  There are also strong, but as of yet poorly quantified, seasonal changes in 
circulation of near-surface water masses in the Caribbean Sea (see, for example, Muller-
Karger et al., 1989). 
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Hydrographic profiles (Figure 4) show strong spatial and seasonal changes in near-
surface temperature, and particularly, salinity in the GOP and immediately to the  
north of Dragon's Mouth. In general, surface temperature was lower by 2-3 ºC during the 
dry season than during the wet season, and it was lower in the SEC than in the GOP by 
0.5 -1 ºC. Cooler surface temperatures observed nearshore in the SEC during the dry 
season were related to coastal wind-driven upwelling (Figure 5).  
Salinity was highly variable between seasons, as well as in a gradient between river 
plume waters and oceanic waters. A salinity difference of 5 to 15 practical salinity units 
(psu) was found between the dry and wet seasons in the GOP, with higher salinity values 
occurring during the former. During the dry season the difference in salinity between the 
GOP and SEC ranged from 2 to 6 psu, while during the wet season this difference ranged 
from 8 to 11 psu (Tables 4 and 5). 
Stations in the SEC were characterized by strong vertical temperature and salinity 
gradients during both seasons, with temperature values decreasing from ~27 °C at the 
surface to ~ 20 °C at the bottom, and salinity values increasing from ~ 30 at the surface to 
~ 36 at the bottom. This upper portion of the water column, observed in the SEC, was 
described by Morrison and Nowlin (1982) as the Caribbean Surface Water (CSW), which 
contains a mixture of Amazon and Orinoco river waters. Morrison and Smith (1990) also 
noted a marked seasonal difference in temperature and salinity in the SEC, observing 
deeper haloclines during the period July–October, which corresponds to the low wind 
season. 
The results observed in this study agree with the observations mentioned above: 
during the wet season, a surface layer (10 - 20 m deep) of high temperature (~30 ºC) and 
low salinity values (<30) (Figures 5 and 6) was observed in the GOP and SEC. This is in 
contrast to western tropical Atlantic waters outside the river plume, which at that latitude 
have surface salinities >36.6. 
The cruise data show changes in the vertical structure of the Orinoco plume as it 
disperses into the Caribbean Sea. Figure 6 illustrates a surface layer with salinity values 
<30 psu extending seawards from the GOP into the SEC. This plume became shoaled 
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farther north. Satellite imagery confirmed that the plume spread to the west and west-
northwest after entering the southeastern Caribbean, and the shallower upstream edge of 
the plume was all that was sampled.  
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Figure 4. Hydrographic profiles of Temperature (T) (dotted line), Salinity (S) (solid 
line), Chl-fluorescence (Chl-fl) (dashed line) and total attenuation coefficient at 660 nm 
(c(660)) (Dash-dot line) for stations near Serpent’s Mouth at about 10.00° N 61.9° W 
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Figure 4 (continued). Hydrographic profiles of Temperature (T) (dotted line), Salinity 
(S) (solid line), Chl-fluorescence (Chl-fl) (dashed line) and total attenuation coefficient at 
660 nm (c(660)) (Dash-dot line) for stations in the GOP at about 10.55° N 61.89° W 
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Figure 4 (continued). Hydrographic profiles of Temperature (T) (dotted line), Salinity 
(S) (solid line), Chl-fluorescence (Chl-fl) (dashed line) and total attenuation coefficient at 
660 nm (c(660)) (Dash-dot line) for stations near Dragon’s Mouth at about 10.67° N 
61.83° W  
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Figure 4 (continued). Hydrographic profiles of Temperature (°C), Salinity, Chl-
fluorescence (relative values) and total attenuation coefficient at 660 nm (m-1) for stations 
in the SEC at about 11.10° N 61.8° W  
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Figure 5. Vertical cross-sections showing the meridional distribution of Temperature 
(°C) for each cruise. Dry season cruises: SIM1, SIM3, SIM5 Wet season cruises: SIM2, 
SIM4, SIM6  
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Figure 6. Vertical cross-sections showing the meridional distribution of Salinity for each 
cruise. Dry season cruises: SIM1, SIM3, SIM5 Wet season cruises: SIM2, SIM4, SIM6  
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Table 4. Temperature and Salinity surface values (~ 1 m) for all the stations 
Station Temperature (ºC) Salinity (PSU) Station Temperature (ºC) Salinity (PSU)
SIM1_7 27.97 24.67 SIM4_1_2 29.50 22.92
SIM1_6 28.19 24.33 SIM4_2 29.65 19.54
SIM1_4 24.88 36.42 SIM4_3 30.06 15.32
SIM1_5 27.35 29.45 SIM4_11 29.16 20.50
SIM1_5b 27.26 27.65 SIM4_4 28.69 19.23
SIM1_11 28.90 27.59 SIM4_5 29.83 20.04
SIM1_8 28.31 27.36 SIM4_6 29.26 22.24
SIM1_8b 27.03 31.31 SIM4_7 26.94 35.61
SIM1_12 28.28 31.54 SIM4_8 28.47 22.75
SIM1_13 28.35 31.18 SIM4_9 29.50 23.78
SIM1_9 28.10 29.94 SIM4_10 28.86 32.25
SIM2_16 29.06 19.00 SIM5_1 26.67 30.34
SIM2_15 29.73 15.36 SIM5_2 26.84 31.21
SIM2_14 29.21 18.97 SIM5_3 26.88 31.24
SIM2_2 29.09 18.18 SIM5_11 26.97 32.55
SIM2_3 29.02 20.00 SIM5_4 26.76 31.79
SIM2_4 29.60 20.79 SIM5_5 26.95 31.77
SIM2_5b 29.08 21.32 SIM5_7 24.70 36.23
SIM2_5 29.37 21.65 SIM5_6 26.94 31.71
SIM2_7 27.48 34.60 SIM5_8 26.45 32.61
SIM2_6b 27.35 31.75 SIM5_9 25.92 33.13
SIM2_6 29.48 22.15 SIM5_10 26.43 33.22
SIM2_18 28.09 34.15 SIM5_12 26.88 35.46
SIM2_17 28.11 30.38 SIM6_1 28.92 15.79
SIM2_8 29.27 25.40 SIM6_2 30.31 11.01
SIM2_9 28.25 28.87 SIM6_3 29.40 16.28
SIM2_10 27.97 29.19 SIM6_11 29.48 17.72
SIM3_1 26.57 21.27 SIM6_20 29.37 19.95
SIM3_2 26.83 26.05 SIM6_4 29.53 15.61
SIM3_3 27.28 27.19 SIM6_5 30.28 16.36
SIM3_11 27.63 27.06 SIM6_6 28.56 26.41
SIM3_4 27.06 24.23 SIM6_7 28.53 34.64
SIM3_5 26.97 25.11 SIM6_8 29.99 17.49
SIM3_6 27.28 28.33 SIM6_9 29.14 24.31
SIM3_7 25.02 33.54 SIM6_10 28.60 29.28
SIM3_8 26.68 27.09 SIM6_12 28.83 32.45
SIM3_9 26.79 29.17
SIM3_10 27.03 34.94
SIM4_1_1 28.96 20.32  
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Table 5. Mean Values of Temperature and Salinity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Temperature (ºC)           Salinity (PSU)
Cruise GOP SEC GOP SEC
SIM1 28.08 27.61 24.50 30.27
SIM2 29.27 28.25 19.41 29.56
SIM3 27.07 26.63 25.16 29.70
SIM4 29.41 28.61 19.70 27.33
SIM5 26.84 26.22 31.49 33.73
SIM6 29.61 28.94 16.10 27.43
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Nutrient Concentrations  
Surface nutrient concentrations varied significantly among the six cruises. Figure 7 
and Table 6 show the nutrient concentrations at each station, and Figure 8 and Table 7 
show the mean concentration of each nutrient in the GOP and SEC per cruise. In general, 
during both seasons, nitrate (NO3) and ammonia (NH4) were the dominant nutrients 
within the GOP. In the SEC, NO3 was still the dominant inorganic nitrogen form, and 
NH4 concentrations were substantially lower than those observed in the GOP. Mean 
values of NO3 within the GOP ranged from 0.20 µM (SIM1) to 0.869 µM (SIM3) during 
the dry season and from 0.546 µM (SIM6) to 1.21 µM (SIM2) during the wet season.  In 
the SEC mean values of NO3 ranged from 0.5 µM (SIM3) to 0.9 µM (SIM5) during the 
dry season, and from 0.0 µM  (SIM6) to 0.5 (SIM4) during the wet season.  During SIM1 
and SIM5 mean NO3 values were higher in the SEC than in the GOP, whereas, for the 
rest of the cruises NO3 values were higher in the GOP than in the SEC. An increase in 
NO3 concentration was observed in the GOP during the wet season. SIM2 presented the 
highest concentration of NO3 in the GOP while the highest concentration of NO3 in the 
SEC was observed during SIM5. 
NH4 concentrations were higher in the GOP than in the SEC in both seasons. 
Concentrations of NH4 were also typically higher during high river discharge. During the 
dry season mean cruise values of NH4 ranged from 0.271 µM  (SIM3) to 0.380 µM  
(SIM5) within the GOP and from 0.083 µM  (SIM5) to 0.210 µM  (SIM1) in the SEC.  
For the wet season mean cruise values of NH4 ranged from 0.281 µM  (SIM6) to 
1.346 µM  (SIM4) in the GOP and from 0.163 µM to (SIM6) to 0.907 µM (SIM4) in the 
SEC. The highest concentrations were observed during SIM4, with a maximum of 2.18 
µM near the Orinoco Delta (SIM4_1_1). High concentrations of ammonia may indicate 
low inorganic nitrogen demand and/or very low nitrification rates (Lewis and Saunders, 
1990). 
The inorganic nitrogen form found in the lowest concentration, especially during the 
wet season, was NO2. During the dry season mean cruise values of NO2 ranged from 
0.029 µM (SIM1) to 0.275 µM (SIM3) in the GOP and from 0.155 µM (SIM5) to 0.2 µM  
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(SIM1) in the SEC. For the wet season these values ranged from 0.037 µM (SIM6) to 
0.105 µM (SIM4) in the GOP and from 0.005 µM (SIM6) to 0.123 µM (SIM4) in the 
SEC. Since nitrite is the intermediate nitrogen form during the nitrification process, very 
low values of this nutrient are common and are especially expected to occur in well 
oxygenated waters. Higher concentrations of nitrite are normally associated with 
upwelling events where a subsurface oxygen minimum is found. 
Phosphate concentrations were higher during the dry season, with mean cruise values 
ranging from 0.059 µM (SIM1) to 0.245 µM (SIM3) in the GOP and from 0.130 µM 
(SIM1) to 0.228 µM (SIM5) in the SEC. While during the wet season the mean 
concentration of this nutrient ranged from 0.003 µM (SIM6) to 0.109 µM (SIM4) in the 
GOP and from 0.002 µM (SIM6) to 0.096 µM (SIM4) in the SEC. Maximum values of 
PO4 for the GOP were observed during SIM3 and SIM4, and for the SEC during SIM3 
(0.36 µM), while the minimum values of this nutrient for both the GOP and SEC were 
observed during SIM6. 
The high variability in nutrient concentrations suggested that there is no definite 
seasonal or spatial pattern in nutrient distributions. However, two observations are worth 
mentioning. First, NH4 concentrations were higher during SIM4 than during any other 
cruise. Second, NO3 and NH4 were generally higher during the wet season than during the 
dry season, while PO4 and NO2 were higher during the dry season.  
  Mean concentrations of dissolved silica (Si(OH)4) during the dry season ranged 
from 10.228 µM (SIM5) to 26.563 µM (SIM3) in the GOP and from 6.150 µM (SIM5) to 
13.600 µM (SIM3) in the SEC. During the wet season, the mean cruise values of Si 
concentration ranged from 33.093 µM (SIM6) to 43.659 µM (SIM2) in the GOP and 
from 14.923 µM (SIM2) to 17.095 µM (SIM6) in the SEC.  Figure 9 shows Si(OH)4 
concentrations were higher during the wet season, and also higher in the GOP than in the 
SEC. During the dry season, Si concentrations during SIM3 were two to three times 
higher than during SIM5. Temperature profiles did not show a significant difference 
between these two cruises; salinity profiles, on the other hand, showed a surface salinity 
layer with values below 30 for SIM3 that was not observed during SIM5 (Figure 4).  Low 
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salinity values and high concentrations of Si found during SIM3 indicate that there was a 
greater riverine influence on areas sampled during this cruise than during SIM5. Low 
temperature values, and higher concentrations of NO2 and PO4, however, indicate that 
upwelling events were also taking place during SIM3. 
 Dissolved silica is normally used as an indicator of freshwater input due to its semi-
conservative behavior with salinity (Figure 10). A strong relationship between silica and 
salinity was observed in the GOP and SEC during the dry season, with r2 values ranging 
from 0.91 to 0.95. During the wet season, this relationship was weaker (r2 ~ 0.80) for 
both regions. 
 Biological uptake and dilution by rainfall may have caused silica to behave in a non-
conservative manner during the wet season. This differs from Bonilla et al. (1993) who 
reported that Si(OH)4 appears to behave conservative in the GOP during the fall. 
According to Bonilla et al. (1993), at low discharge the residence time of water in the 
GOP is apparently long, and substantial biological removal occurs. However, the silica 
values they reported for the GOP during the dry season are substantially lower than those 
obtained in this study. Also, their mixing line indicated an end-member of Si(OH)4 at 
salinity zero of ~ 120 µM in the GOP, which is a value almost twice as high as the one 
determined by Froelich et al. (1978)  (~60.1 µM) in the Venezuelan basin, and the one 
found in this study (71.13 µM) (Figure 11). Values of Si(OH)4 within the Orinco River 
have been reported between 100 µM to ~ 130 µM (Lewis and Saunders, 1990; 
Livingstone, 1963). The difference between these values and the riverine end member 
found using the mixing line in this study could be related to the absence of Si(OH)4 
concentrations at lower salinity (e.g. <10) in the plot that could indicate the removal of 
Si(OH)4 by biological uptake. 
 The mixing line obtained in this study falls very close to the one obtained by Froelich 
et al. (1978) in the eastern Caribbean, who explained it as a three-point water mixing 
process involving contributions from the equatorial surface water, the Amazon River, and 
rain water without giving too much importance to the water form the Orinoco River. 
They concluded that the dispersal of Amazon River water was the major factor causing 
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the seasonal surface salinity changes observed in the eastern Caribbean, and that the 
removal of Si(OH)4 by biological uptake in the Amazon water before entering the 
Caribbean was insignificant. 
 Ten years later, Muller-Karger et al. (1989) demonstrated using satellite images that 
the seasonal changes observed in the GOP and through the northern Caribbean are caused 
primarily by the dispersal of Orinoco river water. The similarity between the Si(OH)4 
mixing line obtained in this study for the GOP and the mixing line observed by Froelich 
et al. (1978) supports the observations made by Muller-Karger et al. (1989) that the 
Orinoco plume, rather than the Amazon, dominates signals in the GOP. 
 The Amazon has substantial influence on the oceanography of the Caribbean, 
however. Hellweger and Gordon (2002) recently established that there is a strong 
correlation between sea surface salinity (SSS) in the Caribbean and the Amazon plume. 
Hu et al. (2004) also emphasize the impact of the Amazon on the Caribbean Sea.  
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Figure 7. Phosphate (PO4), nitrite (NO2), nitrate (NO3), and ammonia (NH4) 
concentrations for each station. 
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Table 6. Surface (~ 1m) concentration of nutrients for all stations 
Continued on the next page 
 
Station # PO4 (µM) Si(OH)4  (µM) NO2 (µM) NO3 (µM) NH4 (µM)
SIM1_7 0.07 21.98 0.06 0.28 0.48
SIM1_6 0.05 21.56 0.00 0.12 0.20
SIM1_4 0.05 0.00 0.02 0.00 0.13
SIM1_5 0.24 16.63 0.53 1.88 0.26
SIM1_5b 0.17 15.36 0.38 1.14 0.26
SIM1_11 nan nan nan nan nan
SIM1_8 0.12 14.87 0.18 0.63 0.15
SIM1_8b nan nan nan nan nan
SIM1_12 nan nan nan nan nan
SIM1_13 0.08 8.12 0.03 0.14 0.19
SIM1_9 0.11 9.55 0.06 0.25 0.28
SIM2_16 0.21 58.21 0.19 2.68 1.42
SIM2_15 0.15 51.88 0.10 2.03 1.03
SIM2_14 0.09 54.34 0.06 2.19 0.75
SIM2_2 0.07 56.51 0.07 2.19 1.06
SIM2_3 0.00 38.46 0.01 0.46 0.41
SIM2_4 0.00 31.48 0.00 0.00 0.42
SIM2_5b 0.11 27.17 0.07 0.00 0.33
SIM2_5 0.00 31.22 0.06 0.13 0.39
SIM2_7 0.00 4.16 0.00 0.00 0.00
SIM2_6b 0.13 19.27 0.05 0.00 0.26
SIM2_6 0.00 26.39 0.06 0.48 0.31
SIM2_18 0.10 4.74 0.00 0.12 0.22
SIM2_17 nan nan nan nan nan
SIM2_8 0.00 19.98 0.01 0.00 0.27
SIM2_9 0.00 14.68 0.02 0.13 0.12
SIM2_10 0.04 15.25 0.06 0.32 0.25
SIM3_1 0.31 37.67 0.52 2.39 0.34
SIM3_2 0.27 27.00 0.29 1.14 0.28
SIM3_3 0.23 24.50 0.24 0.59 0.19
SIM3_11 0.25 21.18 0.12 0.11 0.24
SIM3_4 0.16 22.47 0.20 0.11 0.30
SIM3_5 0.19 22.34 0.25 0.31 0.29
SIM3_6 0.26 17.65 0.33 0.91 0.15
SIM3_7 0.12 5.82 0.09 0.55 0.00
SIM3_8 0.21 18.02 0.16 0.53 0.23
SIM3_9 0.37 14.98 0.09 0.72 0.00
SIM3_10 0.22 2.80 0.02 0.00 0.00
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Table 6. (Continued) 
 
 
 
Station # PO4 (µM) Si(OH)4  (µM) NO2 (µM) NO3 (µM) NH4 (µM)
SIM4_1_1 0.31 33.07 0.16 1.30 2.18
SIM4_1_2 0.07 31.91 0.20 0.55 1.23
SIM4_2 0.12 39.32 0.09 1.16 1.62
SIM4_3 0.10 34.68 0.11 1.07 1.17
SIM4_11 0.06 34.44 0.09 0.41 1.25
SIM4_4 0.04 28.77 0.06 0.00 0.98
SIM4_5 0.06 29.82 0.03 0.00 1.00
SIM4_6 0.22 19.60 0.23 1.95 0.92
SIM4_7 0.11 5.40 0.02 0.21 0.76
SIM4_8 0.03 30.85 0.21 0.03 1.01
SIM4_9 0.11 20.45 0.11 0.32 0.97
SIM4_10 0.01 8.56 0.04 0.00 0.88
SIM5_1 0.25 13.59 0.06 0.45 0.00
SIM5_2 0.02 11.25 0.03 0.11 0.11
SIM5_3 0.21 10.59 0.11 0.36 1.92
SIM5_11 0.20 8.22 0.08 0.31 0.00
SIM5_4 0.24 9.25 0.11 0.26 0.17
SIM5_5 0.22 8.47 0.02 0.05 0.08
SIM5_7 0.15 0.03 0.13 1.20 0.14
SIM5_6 0.22 9.40 0.12 0.54 0.06
SIM5_8 nan nan nan nan nan
SIM5_9 0.28 8.33 0.28 1.20 0.08
SIM5_10 0.26 6.84 0.09 0.66 0.05
SIM5_12 nan nan nan nan nan
SIM6_1 0.00 33.99 0.07 1.59 0.69
SIM6_2 0.00 49.11 0.08 1.77 0.67
SIM6_3 0.02 31.64 0.06 0.46 0.39
SIM6_11 0.00 36.42 0.01 0.00 0.14
SIM6_20 0.00 29.66 0.01 0.00 0.04
SIM6_4 0.00 25.59 0.02 0.00 0.04
SIM6_5 0.00 25.24 0.01 0.00 0.00
SIM6_6 0.00 18.26 0.01 0.00 0.11
SIM6_7 0.01 4.39 0.00 0.00 0.25
SIM6_8 0.00 28.92 0.01 0.00 0.15
SIM6_9 0.00 25.99 0.01 0.00 0.05
SIM6_10 0.00 16.20 0.00 0.00 0.10
SIM6_12 0.00 8.81 0.00 0.00 0.32
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Figure 8. Mean values of nutrient concentrations for the GOP (A) and SEC (B) 
 
Table 7. Mean Values of Nutrient concentrations (µM) 
Cruise GOP SEC GOP SEC GOP SEC GOP SEC GOP SEC
SIM1 0.06 0.13 21.77 10.75 0.03 0.20 0.20 0.67 0.34 0.21
SIM2 0.08 0.04 43.66 14.92 0.07 0.03 1.21 0.15 0.73 0.21
SIM3 0.24 0.23 26.56 13.60 0.27 0.16 0.87 0.50 0.27 0.11
SIM4 0.11 0.10 33.14 16.97 0.11 0.12 0.64 0.50 1.35 0.91
SIM5 0.19 0.23 10.23 6.15 0.07 0.16 0.26 0.90 0.38 0.08
SIM6 0.00 0.00 33.09 17.10 0.04 0.01 0.55 0.00 0.28 0.16
      NH4 (µM)      PO4 (µM)      SIL (µM)      NO2 (µM)      NO3 (µM) 
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Figure 9. Dissolved silica, Si(OH)4, concentration at each station  
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Figure 10. Relationship between silica concentrations and salinity during each cruise 
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Figure 11. Relationship between dissolved silica, Si(OH)4, concentration and salinity in 
the GOP and SEC. 
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Phytoplankton Pigments  
Continuous (in vivo) chlorophyll fluorescence profiles were collected at each station 
during each cruise. Regressions between surface fluorescence (in relative values) and 
surface chlorophyll-a concentrations showed good correlation for both the GOP (r2 = 0.75 
- 0.99) and SEC (r2 = 0.85-0.96) during both seasons, with exception of SIM1 (Figure 
12). The highest r2 (0.99) value was obtained in the GOP during SIM3.  
Vertical profiles of chlorophyll fluorescence showed high variability among the 
stations. In general, stations within the GOP were characterized by high surface 
fluorescence values and no deep fluorescence maximum. Surface fluorescence values 
were normally higher and deeper during the dry season, especially during SIM3, than 
during the wet season (Figure 4). For stations near Dragon’s mouth and in the SEC, a 
maximum in chlorophyll-fluorescence was more marked but still above 20 m. 
Chlorophyll-fluorescence peaks deeper than 20 m were rare, as in station SIM6_6 
(maximum at ~40m), and chlorophyll-fluorescence decreased to a minima around 40 m.     
Vertical cross-sections of chlorophyll fluorescence were constructed using the 
vertical profiles obtained during each cruise (Figure 13). This illustrates how the 
chlorophyll maximum deepens to the north of Dragon’s Mouth. SIM6 (October 2000) 
showed the lowest chlorophyll-fluorescence values, while SIM3 showed the highest. 
During the dry season, SIM1 was the cruise with highest concentrations of 
chlorophyll-a in both the GOP and SEC, while SIM5 showed the lowest concentrations. 
In the wet season, SIM2 presented the highest values while SIM6 presented the lowest 
(Figure 14 and Table 8).  According to Varela et al. (2003), based on historical data 
chlorophyll concentrations may reach 8 µg l-1 in waters influenced by the Orinoco river 
plume; in this study, however, only one station was found to have such high 
concentration (SIM3_11). 
Average values of surface (~1 m) chlorophyll-a concentrations within the GOP 
ranged from 0.9 µg l-1 (SIM5) to 3.0 µg l-1 (SIM3) during the dry season and from 1.1 µg 
l-1 (SIM2) to 1.3 µg l-1 (SIM4) in the wet season. In general, chlorophyll-a was higher in 
the dry season than during the wet season, and higher within the GOP than in the SEC. In 
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the SEC, these values ranged from 0.7 µg l-1 (SIM5) to 1.7 µg l-1 (SIM1) and from 0.7 µg 
l-1 (SIM6) to 1.3 µg l-1 (SIM4) for the dry and wet seasons respectively (Table 9). 
Figure 15 shows the frequency distribution of chlorophyll-a concentration for all 
cruises. While this distribution indicates that 89% of chlorophyll-a samples had 
concentrations below 2.0 µg l-1, the range of values was higher and therefore 
characteristic of eutrophic waters (Shifrin, 1983).  High chlorophyll concentrations in the 
GOP and SEC should be expected because of nutrients delivery by the Orinoco River and 
the presence of upwelling foci along the coast of the SEC in the dry season. 
A t-Test analysis was used to determine whether the seasonal and spatial variations 
observed in chlorophyll-a concentration were significant. In the t-Tests, the closer the 
probability (P) gets to 1, the higher is the probability that the means from two populations 
are the same, indicating no significant change. Results (Table 10) indicate that there was 
significant seasonal variation in chlorophyll-a concentration throughout the region; 
however, concentrations in the plume in the SEC were not statistically different from 
concentrations within the GOP. 
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Figure 12. Correlation analysis between Chlorophyll-a and chlorophyll fluorescence in 
the GOP (•) and SEC (Ο) for each cruise 
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Figure 13. Vertical cross-sections showing the meridional distribution of chlorophyll 
fluorescence (relative values) for each cruise 
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Figure 14. Chlorophyll-a (µg l-1) concentration at each station 
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Table 8. Surface (~ 1m) concentration of Chlorophyll-a and Total Suspended Matter 
(TSM) for all the stations 
 
Station 
Chlorophyll-a 
(µg l-1)
TSS           
(mg l-1) Station 
Chlorophyll-a 
(µg m-1)
TSS           
(mg l-1)
SIM1_7 2.54 3.45 SIM4_1_1 0.97 nan
SIM1_6 2.31 2.95 SIM4_1_2 0.39 nan
SIM1_4 0.15 3.45 SIM4_2 0.40 nan
SIM1_5 1.94 5.15 SIM4_3 2.38 nan
SIM1_5b 1.99 3.90 SIM4_11 1.44 nan
SIM1_11 1.23 3.20 SIM4_4 1.30 nan
SIM1_8 1.88 3.10 SIM4_5 1.88 nan
SIM1_8b 1.45 nan SIM4_6 1.06 nan
SIM1_12 2.04 7.50 SIM4_7 3.00 nan
SIM1_13 2.41 7.10 SIM4_8 0.79 nan
SIM1_9 2.42 3.45 SIM4_9 1.12 nan
SIM2_16 1.00 5.94 SIM4_10 0.28 nan
SIM2_15 1.02 4.00 SIM5_1 1.27 7.80
SIM2_14 0.77 3.85 SIM5_2 1.14 7.33
SIM2_2 1.30 3.65 SIM5_3 1.08 23.60
SIM2_3 1.54 3.00 SIM5_11 0.97 7.70
SIM2_4 0.62 2.25 SIM5_4 0.51 2.35
SIM2_5b 2.12 4.30 SIM5_5 0.55 1.50
SIM2_5 0.78 2.30 SIM5_7 1.47 3.35
SIM2_7 0.63 3.80 SIM5_6 0.62 3.90
SIM2_6b 1.64 3.55 SIM5_8 0.56 3.60
SIM2_6 1.63 4.10 SIM5_9 0.66 3.55
SIM2_18 0.68 4.45 SIM5_10 0.54 3.70
SIM2_17 1.80 nan SIM5_12 0.18 4.20
SIM2_8 1.00 3.55 SIM6_1 1.05 13.67
SIM2_9 0.79 4.10 SIM6_2 1.46 38.20
SIM2_10 0.92 2.60 SIM6_3 1.39 10.20
SIM3_1 1.87 97.50 SIM6_11 1.52 4.18
SIM3_2 1.78 13.33 SIM6_20 0.67 0.48
SIM3_3 1.66 125.00 SIM6_4 1.09 3.12
SIM3_11 8.11 45.00 SIM6_5 0.62 5.96
SIM3_4 1.60 33.00 SIM6_6 0.71 3.32
SIM3_5 1.15 8.33 SIM6_7 0.18 11.28
SIM3_6 0.64 9.60 SIM6_8 1.53 3.25
SIM3_7 3.52 8.20 SIM6_9 1.13 2.37
SIM3_8 1.10 9.20 SIM6_10 0.17 2.37
SIM3_9 1.70 10.80 SIM6_12 0.20 7.60
SIM3_10 0.17 3.05
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Table 9. Mean Values of Chlorophyll-a and Total  
suspended solids (TSM) 
 
 
Figure 15. Frequency distribution of Chlorophyll-a concentrations  
 
 
 
 
 
 
        TSS (mg l-1)
Cruise GOP SEC GOP SEC
SIM1 2.43 1.72 3.20 4.61
SIM2 1.14 1.14 3.66 3.74
SIM3 3.00 1.38 62.77 8.20
SIM4 1.25 1.25 nan nan
SIM5 0.92 0.67 8.38 3.72
SIM6 1.12 0.65 10.83 5.03
Chlorophyll-a (µg l-1)
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Table 10. T-test results showing the mean seasonal and spatial variability of Chlorophyll-
a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GOP SEC t-value P
Dry 1.42 1.33 0.312 0.757
WET 1.17 1.01 0.794 0.433
t-value 1.22 1.24
P 0.24 0.22
Spatial Variability
Seasonal 
Variability
Chlorophyll-a      
(µg l-1)
Chlorophyll-a (µg l-1)
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Total Suspended Matter (TSM) 
Total suspended matter (TSM) includes suspended particles from terrestrial (e.g. 
inorganic sediments, minerals) and biogenic origin (e.g. phytoplankton, detritus). TSM 
concentrations (Table 8) were typically highest in the GOP near Serpent’s Mouth and 
they decreased substantially to the north of Dragon’s Mouth in the SEC. Cruise SIM2 
was an exception, when TSM concentrations remained similar within the GOP and SEC, 
with lower values observed near the Delta.  
During the wet season, mean surface (~1m) TSM values ranged from 3.7 mg l-1  
(SIM2) to 10.9 mg l-1 (SIM6) within the GOP and from 3.7 mg l-1 (SIM2) to 5.0 mg l-1 
(SIM6) in the SEC. During the dry season, these values ranged from 3.2 mg l-1 (SIM1) to 
62.8 mg l-1 (SIM3) within the GOP and from 3.7 mg l-1 (SIM5) to 18.2 mg l-1 (SIM3) in 
the SEC (Table 9).  
The year 1998 (SIM1 and SIM2) represents the year with the lower mean 
concentrations of TSM.  While, the dry season of 1999 (SIM3) represents the season with 
the highest concentration of TSM. Unfortunately, there were no TSM measurements 
available for SIM4 for a better seasonal comparison. However, in general, TSM 
concentrations were higher during the wet season than during the dry season. 
Furthermore, during each cruises, high TSM variability implied significant patchiness.  
TSM concentrations were compared to chlorophyll-a concentrations to see if 
phytoplankton was the particle dominating TSM (Figure 16). Regression analyses 
indicated that there was not a significant relationship (r2 <0.3) between these two 
variables in the GOP nor in the SEC during any of the seasons.  
 The beam attenuation coefficient at 660 nm, c(660), is commonly used as an 
indicator of turbidity due to the presence of suspended material, following the principle 
that larger particles or higher concentration of particles increase the attenuation of light. 
Vertical profiles of c(660) were collected during each cruise (Figure 4). High values of 
c(660) indicate higher light attenuation. 
Surface turbidity was highest near Serpent’s Mouth, where profiles show an increase 
in turbidity between five and ten meters, a smaller peak near 20 m, and a peak near the 
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bottom in both seasons. Near Dragon’s Mouth in the GOP, surface (< 10 m) turbidity was 
higher during the wet season than during the dry season. At Dragon’s Mouth, a strong 
peak in c(660) was observed between 10 and 20 m with a stronger signal during the wet 
season. This peak was not observed in SIM1, when c(660) values remained higher 
through the water column than during the rest of the cruises. Near Dragon’s Mouth, 
attenuation usually increased below 150 m and near the bottom. The surface (~10m) 
turbidity peak was also present immediately to the north of Dragon’s Mouth during both 
seasons; however, no significant peaks were observed below the surface in the water 
column down to at least 200 m, the depth of our deepest observations, except frequently 
near the bottom. Further to the north, the near surface turbidity peak was significantly 
reduced and c(660) remained low through the water column. 
Vertical cross-sections of c(660) (Figure 17) show strong light attenuation near the 
surface in the plume (~ 10m) and within the GOP (latitude < 10.7 N), where chlorophyll 
fluorescence is also high. Figure 17 also shows that attenuation at the surface decreased  
north of Dragon’s Mouth. Bottom re-suspension, perhaps by the strong tidal currents 
observed in the GOP, is evident in increased c(660) values observed near the bottom 
during both seasons close to Serpent’s Mouth (about 10° N) and Dragon’s Mouth (10.7 
°N), especially during October 1999 (SIM4). 
Even though, no significant correlation was found between TSM and chlorophyll-a 
concentrations, surface peaks of c(660) frequently coincided with an increase in 
chlorophyll fluorescence (Figure 4), especially in Dragon’s Mouth and the SEC. 
However, regressions between chlorophyll fluorescence and c(660) did not show 
significant correlation between these two parameters in either of the two seasons (Figure 
18). 
The correlation between chlorophyll-a fluorescence and particle concentration may 
be low when there is a difference between the vertical distribution of phytoplankton cells 
and the deep chlorophyll maximum (DCM). The amount of chlorophyll a per cell can 
vary depending on depth and photoadaptation conditions. Higher fluorescence will 
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depend on the amount of chlorophyll but not necessarily on particle concentration 
(Cullen, 1982; Kitchen and Zaneveld, 1990).  
Surface values of c(660) were also compared by regression to surface TSM (Figure 
19), but all cruises showed largely poor correlations with r2 values ranging 0.02 (SIM1) 
to 0.34 (SIM2) in the SEC and from 0.01 (SIM3) to 0.97 (SIM5) in the GOP. Higher r2 
values were observed for the GOP than the SEC during both seasons. Poor correlations 
between c(660) and TSM are common for coastal and estuarine waters. Short-term 
variability of particle size, type, and concentration, and the formation of aggregates may 
influence the optical properties of the suspended particles, rendering any relation to the 
beam attenuation coefficient complex (Jago and Bull, 2000; Bunt et al., 1999; Wells and 
Kim, 1991). 
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Figure 16. Relationship between total suspended matter (TSM) and chlorophyll-a 
concentrations in the GOP (•) and SEC (ο) for each cruise 
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Figure 17. Vertical cross-sections showing the meridional distribution of the total 
attenuation coefficient at 660 nm  (m-1) for each cruise 
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Figure 18. Relationship between Chlorophyll-fluorescence and c(660) in the GOP (•) 
and SEC (ο)  for each cruise 
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Figure 19. Relationship between TSM and c(660) for each cruise 
 
 
0
2
4
6
0 2 4 6 8
TSM (mg l-1)
c(
66
0)
 (m
-1
)
SIM1 
0
2
4
6
0 2 4 6 8
TSM (mg l-1)
c(
66
0)
 (m
-1
)
SIM2 
0
2
4
6
0 50 100 150
TSM (mg l-1)
c(
66
0)
 (m
-1
)
SIM3 
R2 = 0.97
0
2
4
6
0 5 10 15 20 25
TSM(mg l-1)
c(
66
0)
 (m
-1
)
SIM5 
0
2
4
6
0 20 40 60
TSM (mg l-1)
c(
66
0)
 (m
-1
)
SIM6 
 61
Phytoplankton Distribution 
We examined samples to assess phytoplankton taxonomy for cruises SIM2, SIM3, 
and SIM4, but not for SIM1, SIM5 and SIM6. The marine diatoms Skeletonema costatum 
and Skeletonema tropicum dominated the phytoplankton population for all stations during 
SIM2 and SIM4, as well as stations close to the delta during SIM3. At station SIM3_11 
within the GOP (Table 2), however, a dinoflagelate that could not be identified was the 
most abundant. Other diatoms such as Guinardia delicatula and Chaetoceros socialis 
were observed in similar or higher quantities than Skeletonema near Dragon’s Mouth and 
in the SEC during SIM3 (spring). This cruise featured higher surface salinity values. 
Marine diatoms may be expected to be dominant in this region because the availability of 
river-derived silica. Indeed, Betzer et al. (1977) noticed a shift in the population of 
primary producers in the eastern Caribbean and adjacent western Atlantic, suggesting that 
diatoms increased in numbers in areas of high river influence. Also, according to Kirk 
(1976), diatoms are more likely to have a competitive advantage in regions where blue 
light is absorbed by CDOM because they have the capability to absorb green light using 
the pigment fucoxanthin.  
 
Absorption Coefficients 
An important step to refine bio-optical models and ocean color algorithms for the 
Gulf of Paria (GOP) and the Orinoco plume in the southeastern Caribbean Sea (SEC) is 
to characterize the visible light absorption by particulate and dissolved organic materials 
in the region. This section addresses this issue by identifying: 
1. Seasonal and spatial patterns of particle and colored dissolved organic matter 
absorption in the GOP and SEC; 
2. Spectral shape parameters that characterize the absorption by phytoplankton 
(aph), detritus (ad) and CDOM (ag), and the chlorophyll-specific absorption of 
phytoplankton (aph*); 
3. Impact of the variability in particle and dissolved organic matter absorption on 
remote sensing reflectance (Rrs(λ)) in the blue wavelengths. 
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Particle absorption (ap) 
The absorption coefficient due to particulates, ap(λ), is defined as the sum of the 
absorption coefficients due to phytoplankton, aph(λ), and detritus, ad(λ). Figures 20 to 25  
show the seasonal and spatial variability of ap(λ), aph(λ), and ad(λ) for some of the 
stations. During both the wet and dry seasons, ad (λ) dominated ap(λ) for the stations 
around Serpent’s Mouth. Around Dragon’s Mouth, ap(λ) was much smaller than in the 
southern GOP and phytoplankton had a greater contribution to ap(λ), exceeding that of  
ad(λ) particularly during the dry season. In the SEC, phytoplankton absorption generally 
dominated ap(λ); however, during SIM5 and SIM6 detritus contribution in the SEC 
stations was almost as high as the contribution from phytoplankton (e.g. SIM5_9 and 
SIM6_9). In the coastal upwelling focus found immediately to the west of Dragon’s 
Mouth, i.e. station 7 in SIM5 and SIM6 (equivalent to station 4 in SIM1) phytoplankton 
dominated ap(λ) during both seasons. Figure 26 provides a visual interpretation of the 
relative contribution of aph and ad to the total ap. 
To better understand the spatial variability of ap(λ) in the blue wavelengths, ad(λ) and 
aph(λ) at 412 nm, 440 nm, and 492 nm were plotted approximately with distance (against 
station number), starting from the stations closest to the river delta to those farthest 
offshore in the SEC (Figures 27 to 29). Table 11 presents the values of ad, and aph at these 
wavelengths. A strong gradient in ad(λ) was observed between the stations near Serpent’s 
Mouth (higher ad values) and the stations around Dragon’s Mouth (lower ad values) 
during both seasons except in 1998 (SIM1 vs. SIM2). Also during both seasons, a small 
increase in ad(λ) and aph(λ) was observed immediately to the north of Dragon’s Mouth 
(between 10.75°N – 11.0°N), after which ap(λ) decreased again with latitude. Higher 
variability in aph(λ) was observed during the dry season than during the wet season, 
during which no major changes in aph(λ) seemed to take place. 
 During the dry season aph(440) ranged from  0.016 m-1 (SIM5_12) to 0.549 
(SIM3_11) and during the wet season from 0.013 m-1 (SIM6_10) to 0.113 m-1 (SIM4_3). 
Minimum values of aph(440) were normally found in the SEC during the dry season,  
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except for station 7, which showed a regional maximum particularly during this season. 
Minima were found in the GOP during the wet season. Maximum values, however, did 
not show any pattern with season except for station 7, as mentioned above. Overall, 
cruise average values of surface aph(440) in the GOP and SEC were very similar during 
both seasons (Table 12). An extreme value of aph(440) (0.549 m-1) was observed during 
SIM3 at a station in the GOP (SIM3_11), where a maximum in surface chlorophyll-a 
concentration (8.107 µg l-1) was also observed.     
Spectra of the specific absorption coefficient of phytoplankton, aph* (aph(λ) 
normalized to the concentration of chlorophyll-a) are shown in figure 30. Changes 
observed in aph* were largest in the spectral range form 400 nm to 550 nm. Changes in 
aph* usually indicate changes in phytoplankton’s ability to absorb light, which may result 
from changes in light intensity (photoadaptation), in nutrients availability, in pigment 
composition, and/or in size and geometry of the cells (change in population, package 
effect) (Sathyendranath et al., 1987; Carder et al., 1991 and 1999; Kirk, 1994; Bricaud et 
al., 1995). Any and all of these are possible in this region and there is no clear 
mechanism to separate these effects. 
During the dry season aph*(440) ranged from 0.019 m2 mg-1 (SIM3_1) to 0.095 m2 
mg-1 (SIM5_11) in the GOP and from 0.020 m2 mg-1 (SIM1_8) to 0.16 m2 mg-1 (SIM5_7) 
in the SEC (Table 13). During the wet season aph*(440) coefficients ranged from 0.021 
m2 mg-1 (SIM4_4) to 0.072 m2 mg-1 (SIM6_20) in the GOP and from 0.017 m2 mg-1 
(SIM6_20) to 0.109 m2 mg-1 (SIM6_7) in the SEC. Most of the values were within the 
aph*(440) range (0.013 m2 mg-1 to 0.077 m2 mg-1) estimated by Prieur and 
Sathyendranath (1981). 
 Similar to what was observed by Bricaud et al. (1995), there was a tendency of aph* 
in the blue region of the spectra to increase with decreasing chlorophyll concentration 
(Figure 31). This has been explained in the past as a “package effect”, whereby the 
efficiency of light absorption per unit chlorophyll decreases with larger cells, where 
chlorophyll is packaged and self-shaded inside the cells. No aph(440) intercept at null 
chlorophyll-a concentration was observed (Figure 32), suggesting that the influence by 
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detritus absorption in aph was not significant (see Bricaud et al., 1995). Variations in 
aph*(440) were usually accompanied by small variations in aph*(675). Since detritus 
absorbs less at higher wavelengths, and because of the intercept test shown above, it is 
assumed that detritus had minimal contribution to the changes observed in aph*(675). 
Changes in aph*(675) observed within the GOP and SEC were very small, with values 
close to 0.01 m2 mg-1 in most of the cruises. Larger variations in aph*, both at 440 nm and 
at 675 nm, in the GOP and SEC were observed during SIM3 than during any of the other 
cruises. These variations could be related to changes in phytoplankton composition due to 
nutrient availability and light intensity, since they were specifically observed at a station 
(SIM3_11) in which a patch of red tide was observed (as indicated by a extreme 
concentration of Chlorophyll-a and confirmed from Rrs measurements), and at the station 
(SIM3_10) farther offshore in the Southeastern Caribbean, where the concentration of 
TSM was significantly lower in comparison to the other stations.  
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Figure 20.  Spatial variability of ap(λ), aph(λ), and ad(λ), for some of the stations during 
SIM1   
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Figure 21.  Spatial variability of ap(λ), aph(λ), and ad(λ), for some of the stations during 
SIM2  (note change in scale for S2_16 and S2_3) 
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Figure 22.  Spatial variability of ap(λ), aph(λ), and ad(λ), for some of the stations during 
SIM3  (Note change in scale for S3_1 and S3_11) 
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Figure 23.  Spatial variability of ap(λ), aph(λ), and ad(λ), for some of the stations during 
SIM4  (Note change in scale for S4_1-1b) 
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Figure 24.  Spatial variability of ap(λ), aph(λ), and ad(λ), for some of the stations during 
SIM5  (Note change in scale for S5_1 and S5_2) 
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Figure 25.  Spatial variability of ap(λ), aph(λ), and ad(λ), for some of the stations during 
SIM6  (Note change ins scale for S6_1 and S6_2) 
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Figure 26. Detritus (blue) and phytoplankton (green) absorption contributions to particle 
absorption at 440 nm 
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Figure 27. Particle ap(•), phytoplankton aph(ο), and detritus ad(∆) absorption coefficients 
at 412 nm 
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Figure 28. Particle ap(•), phytoplankton aph(ο), and detritus ad(∆) absorption coefficients 
at 440 nm 
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Figure 29. Particle ap(•), phytoplankton aph(ο), and detritus ad(∆) absorption coefficients 
at 492 nm 
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Table 11. Phytoplankton (aph) and detritus (ad) absorption coefficients in the blue bands 
412 nm, 440 nm, and 492 nm 
Continued on the next page 
 
Station 
a d (412)      
(m-1)
a ph (412)      
(m-1)
a d (440)      
(m-1)
a ph (440)      
(m-1)
a d (492)      
(m-1)
a ph (492)      
(m-1)
SIM1_7 0.049 0.050 0.036 0.055 0.018 0.032
SIM1_6 0.047 0.050 0.034 0.054 0.017 0.031
SIM1_5 0.242 0.061 0.178 0.054 0.100 0.031
SIM1_8 0.032 0.034 0.024 0.037 0.012 0.021
SIM1_11 0.035 0.032 0.025 0.038 0.012 0.019
SIM1_12 0.039 0.044 0.029 0.053 0.014 0.029
SIM1_13 0.037 0.052 0.025 0.065 0.012 0.038
SIM1_9 0.040 0.044 0.029 0.057 0.013 0.036
SIM2_16 0.409 0.037 0.307 0.033 0.189 0.015
SIM2_15 0.310 0.030 0.227 0.031 0.138 0.016
SIM2_14 0.233 0.036 0.169 0.046 0.103 0.024
SIM2_2 0.216 0.037 0.160 0.039 0.096 0.020
SIM2_3 0.087 0.051 0.064 0.057 0.036 0.032
SIM2_4 0.026 0.029 0.018 0.034 0.010 0.017
SIM2_5 0.024 0.026 0.018 0.029 0.009 0.015
SIM2_5B 0.066 0.040 0.050 0.046 0.028 0.026
SIM2_6 0.053 0.042 0.039 0.047 0.022 0.029
SIM2_6B 0.067 0.040 0.049 0.045 0.027 0.025
SIM2_8 0.040 0.047 0.030 0.053 0.016 0.031
SIM2_9 0.028 0.041 0.020 0.049 0.011 0.028
SIM2_10 0.025 0.034 0.019 0.039 0.011 0.021
SIM2_7 0.007 0.024 0.005 0.030 0.003 0.017
SIM2_18 0.010 0.028 0.007 0.034 0.004 0.020
SIM3_1 0.754 0.009 0.545 0.035 0.324 0.035
SIM3_2 0.238 0.090 0.186 0.077 0.124 0.030
SIM3_3 0.202 0.046 0.143 0.091 0.090 0.058
SIM3_11 0.296 0.445 0.206 0.550 0.138 0.294
SIM3_4 0.015 0.024 0.009 0.038 0.007 0.024
SIM3_5 0.035 0.038 0.023 0.050 0.013 0.031
SIM3_6 0.072 0.005 0.051 0.021 0.024 0.019
SIM3_8 0.015 0.035 0.009 0.042 0.006 0.025
SIM3_9 0.024 0.054 0.014 0.070 0.009 0.041
SIM3_10 0.003 0.019 0.002 0.024 0.002 0.015
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Table 11. (Continued) 
 
 
Station 
a d (412)      
(m-1)
a ph (412)      
(m-1)
a d (440)      
(m-1)
a ph (440)      
(m-1)
a d (492)      
(m-1)
a ph (492)      
(m-1)
SIM3_7 0.078 0.223 0.053 0.273 0.030 0.159
SIM4_1_1 0.799 0.065 0.576 0.073 0.343 0.035
SIM4_1_2 0.123 0.033 0.087 0.040 0.050 0.023
SIM4_2 0.106 0.019 0.074 0.023 0.041 0.013
SIM4_3 1.029 0.097 0.754 0.113 0.454 0.071
SIM4_11 0.095 0.026 0.069 0.034 0.040 0.017
SIM4_4 0.038 0.022 0.026 0.027 0.012 0.015
SIM4_5 0.065 0.037 0.044 0.046 0.022 0.027
SIM4_6 0.125 0.025 0.089 0.032 0.049 0.018
SIM4_8 0.044 0.029 0.033 0.035 0.019 0.014
SIM4_9 0.016 0.044 0.012 0.052 0.006 0.027
SIM4_10 0.016 0.014 0.010 0.023 0.006 0.011
SIM4_7 0.033 0.066 0.023 0.082 0.012 0.046
SIM5_1 0.103 0.055 0.073 0.067 0.042 0.036
SIM5_2 0.090 0.045 0.061 0.063 0.034 0.035
SIM5_3 0.362 0.046 0.260 0.057 0.153 0.033
SIM5_11 0.050 0.090 0.036 0.092 0.020 0.051
SIM5_4 0.017 0.024 0.010 0.028 0.005 0.017
SIM5_5 0.006 0.019 0.003 0.026 0.002 0.014
SIM5_6 0.057 0.026 0.041 0.033 0.022 0.020
SIM5_8 0.052 0.021 0.037 0.027 0.021 0.016
SIM5_9 0.045 0.030 0.031 0.037 0.016 0.019
SIM5_10 0.008 0.018 0.005 0.022 0.002 0.009
SIM5_12 0.019 0.009 0.015 0.016 0.009 0.007
SIM5_7 0.009 0.078 0.007 0.099 0.003 0.057
SIM6_1 0.558 0.044 0.407 0.046 0.246 0.031
SIM6_2 0.534 0.088 0.405 0.070 0.250 0.038
SIM6_3 0.327 0.076 0.241 0.067 0.145 0.042
SIM6_11 0.058 0.051 0.039 0.055 0.020 0.032
SIM6_20 0.032 0.043 0.023 0.048 0.011 0.029
SIM6_4 0.037 0.035 0.026 0.040 0.013 0.023
SIM6_5 0.026 0.033 0.017 0.035 0.007 0.021
SIM6_6 0.031 0.029 0.020 0.034 0.009 0.020
SIM6_8 0.076 0.065 0.055 0.070 0.029 0.040
SIM6_9 0.031 0.018 0.023 0.019 0.011 0.011
SIM6_10 0.006 0.011 0.004 0.013 0.002 0.007
SIM6_12 0.004 0.014 0.003 0.015 0.001 0.009
SIM6_7 0.004 0.016 0.003 0.020 0.001 0.011
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Table 12. Mean values of phytoplankton and detritus  
absorption at 440 nm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cruise GOP SEC GOP SEC
SIM1 0.035 0.051 0.055 0.051
SIM2 0.127 0.024 0.039 0.043
SIM3 0.185 0.026 0.140 0.086
SIM4 0.233 0.033 0.051 0.045
SIM5 0.074 0.023 0.055 0.039
SIM6 0.165 0.018 0.052 0.028
       a d (440) (m
-1)        a ph (440) (m
-1)
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Figure 30. Phytoplankton specific absorption coefficient (aph*) spectra 
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Table 13. Specific absorption coefficient of phytoplankton at 440 nm (aph*(440)) 
Station 
a ph * (440)         
(m2 mg-1) Station 
a ph * (440)         
(m2 mg-1)
SIM1_7 0.015 SIM4_1-2 0.064
SIM1_6 0.017 SIM4_2 0.033
SIM1_5 0.020 SIM4_3 0.029
SIM1_4 0.073 SIM4_4 0.015
SIM1_8 0.013 SIM4_5 0.016
SIM1_11 0.022 SIM4_6 0.021
SIM1_12 0.019 SIM4_7 0.021
SIM1_13 0.018 SIM4_8 0.031
SIM1_9 0.017 SIM4_9 0.033
SIM2_2 0.021 SIM4_10 0.053
SIM2_3 0.025 SIM4_11 0.014
SIM2_4 0.034 SIM5_1 0.036
SIM2_5b 0.013 SIM5_2 0.039
SIM2_5 0.024 SIM5_3 0.037
SIM2_6b 0.016 SIM5_4 0.040
SIMIM2_6 0.019 SIM5_5 0.036
SIM2_7 0.028 SIM5_6 0.039
SIM2_8 0.035 SIM5_7 0.052
SIM2_9 0.043 SIM5_8 0.034
SIM2_10 0.029 SIM5_9 0.043
SIM2_14 0.032 SIM5_10 0.031
SIM2_15 0.020 SIM5_11 0.068
SIM2_16 0.023 SIM5_12 0.065
SIM2_18 0.034 SIM6_1 0.030
SIM3_1 0.011 SIM6_20 0.034
SIM3_2 0.028 SIM6_2 0.035
SIM3_3 0.033 SIM6_3 0.035
SIM3_4 0.016 SIM6_4 0.025
SIM3_5 0.030 SIM6_5 0.037
SIM3_6 0.018 SIM6_6 0.032
SIM3_7 0.050 SIM6_7 0.070
SIM3_8 0.023 SIM6_8 0.030
SIM3_9 0.026 SIM6_9 0.012
SIM3_10 0.086 SIM6_10 0.051
SIM3_11 0.039 SIM6_11 0.025
SIM4_1-1a 0.006 SIM6_12 0.046
SIM4_1-1b 0.052  
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Figure 31. Relationship between the specific absorption coefficient (aph*) at 440 nm and 
chlorophyll-a during the dry (A) and wet (B) season  
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Figure 32. Relationship between phytoplankton absorption (aph) at 440 nm and 
chlorophyll-a concentration 
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CDOM (Gelbstoff) Absorption (ag) 
Figures 33 to 38 show ag(λ)  spectra for some of the stations sampled during the 
cruises. Changes in the magnitude of the spectra indicate changes in the concentration of 
CDOM in the water. The small shoulder observed around 265 nm is attributed to the 
presence of organic rings of purine and pyrimidine (Yentsch and Reichert, 1962), ag(λ) 
spectra become exponential in the near-UV to visible range (350-700) (Bricaud et al., 
1981). In general, minimum ag(λ)  values were found outside the GOP, while maximum 
values were found near the Delta. SIM5 and SIM6 were the only two cruises that showed 
some contrasting seasonal and spatial distribution. Higher values of ag(λ)  were observed 
during SIM6 during the wet season than during SIM5 (dry season), and in each case a 
gradient of ag(λ)  decreasing with increasing latitude was also observed. 
CDOM in this area should enter the ocean primarily from two sources, namely 
terrestrial sources and autochthonous phytoplankton degradation in situ. Because of the 
strong inverse correlated with salinity for the Orinoco plume dispersal region, during 
both seasons (Figure 39), we may conclude that the autochthonous production is not very 
important. A steeper slope in the salinity-ag relationship was observed during the dry 
season compared to the wet season. Such conservative behavior has been observed 
previously in the Orinoco River plume as in many other coastal regions (Blough et al., 
1993; Vodacek et al., 1997; Del Castillo et al., 1999; Twardowski and Donaghay, 2002; 
Hu et al., 2003). Deviations from this relationship are usually related to an increase in the 
concentration of CDOM from biogenic origin, to photo-oxidation, or to flocculation of 
organic matter. However, no evidence for either process was observed in this study.  
Values of ag in the GOP and SEC have been previously reported mainly at 300nm 
(Blough et al., 1993; Del Castillo et al., 1999). Similar values to those obtained in this 
study during the wet season were reported by Del Castillo et al. 1999 for the same season 
(Table 14).  
The spectral slope of ag, S, is commonly used as a proxy or index of changes in the 
composition of CDOM. Variation in S may result from differences in the proportions of 
humic to fulvic acids (Carder et al., 1989) or by chemical modifications of CDOM (Del 
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Castillo et al., 1999). Mean values of S found during the wet season ranged from 0.014 to 
0.015 nm-1 in the GOP and from 0.014 nm-1 to 0.016 nm-1 in the SEC.  During the dry 
season, mean values of S ranged from 0.013 nm-1 to 0.015 nm-1 in the GOP and from 
0.014 nm-1 to 0.020 nm-1 in the SEC. SIM5, which was the cruise with the highest salinity 
values, was the cruise with the broadest range of S values observed, namely from 0.012 
nm-1 in the GOP to 0.020 nm-1 in the SEC (Table 14). 
Figure 40 shows how S changes with salinity. Larger changes in S seemed to occur at 
salinities above 30, suggesting an alteration in the composition of CDOM as it moved 
from the mouth of the Orinoco towards the Caribbean. Blough et al. (1993) and Del 
Castillo et al. (1999) made similar observations, where they attribute the weak 
relationship of S and salinities below 30 to the fact that there were no significant changes 
in the optical properties of CDOM in the river plume closer to shore. Note that all salinity 
values above 30 shown in Figure 40 during the dry season (SIM5). Values of c(660) 
indicate that surface turbidity was lower during SIM5 than during any of the other cruise, 
therefore, it is reasonable to think that photodegradation could be one of the processes 
responsible for the changes observed in the spectral slope and therefore in the bio-optical 
properties of CDOM during this cruise.        
Because 440 nm is the wavelength at which phytoplankton absorption is near its 
maximum, it is important to study the absorption of light by CDOM at this wavelength 
since this could seriously bias any bio-optical algorithm used to estimate chlorophyll-a.  
Values of ag(440) are presented in Table 14.  During the dry season, ag(440) ranged from 
0.415 m-1 to 2.59 m-1 (⎯× = 1.5 m-1) in the GOP, and from 0.23 m-1 to 2.13 m-1 (⎯× = 1.11 
m-1 ) in the SEC. During the wet season, ag(440) ranged from 0.40 m-1 to 3.21 m_1 (⎯× = 
1.58 m-1) in the GOP, and from 0.38 m-1 to 1.54 m-1 (⎯× = 0.8 m-1) in the SEC. The 
maximum value of ag(440) was observed during SIM4 at a station near Serpent’s Mouth 
(SIM4_2) while the minimum value was observed during SIM5 at a station in the SEC 
(SIM5_10).  In general, SIM5 was the cruise with lower values of ag(440), which 
indicates that this was the cruise with the lowest concentration of CDOM. This cruise 
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was carried out in March, which is the month during which the Orinoco river water 
discharge is usually at its minimum (Figure 2).  
 
 
Figure 33.  Spatial variability of of ag(λ) for some of the stations during SIM1 
 
 
 
 
 
 
 
 85
 
Figure 34.  Spatial variability of of ag(λ) for some of the stations during SIM2 
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Figure 35.  Spatial variability of of ag(λ) for some of the stations during SIM3 
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Figure 36.  Spatial variability of of ag(λ) for some of the stations during SIM4 
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Figure 37.  Spatial variability of of ag(λ) for some of the stations during SIM5 
 
 
 
 
 
 89
 
Figure 38.  Spatial variability of of ag(λ) for some of the stations during SIM6 
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Figure 39. Relationship between Gelbstoff absorption at 440 nm and Salinity during dry 
(A) and wet (B) seasons  
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Table 14. Gelbstoff absorption at 440 nm (ag(440)), at 300 nm (ag(300)), and the spectral 
slope (S) 
 (Slope was measured between 270 nm and 450 nm) 
 
 
 
 
 
 
 
 
 
Station 
a g (440)     
(m-1)
a g (300)     
(m-1)
Slope       
(nm-1) Station 
a g (440)     
(m-1)
a g (300)     
(m-1)
Slope      
(nm-1)
SIM1_7 1.14 8.30 0.014 SIM3_9 1.17 8.33 0.015
SIM1_6 2.38 10.33 0.010 SIM4_1_1 1.02 8.16 0.015
SIM1_5 0.71 4.95 0.014 SIM4_1_2 1.50 8.56 0.014
SIM2_16 1.82 9.99 0.013 SIM4_2 3.21 18.96 0.013
SIM2_15 1.43 9.57 0.014 SIM4_3 3.18 9.47 0.013
SIM2_14 1.41 9.54 0.014 SIM4_11 1.05 9.02 0.015
SIM2_2 1.52 11.59 0.014 SIM4_4 1.16 9.06 0.015
SIM2_3 1.00 8.99 0.015 SIM4_5 1.07 10.50 0.015
SIM2_4 1.25 10.16 0.015 SIM4_8 1.11 19.35 0.015
SIM2_5B 1.13 7.66 0.015 SIM5_2 2.59 3.45 0.012
SIM2_5 0.40 7.45 0.018 SIM5_11D 1.10 2.11 0.015
SIM2_6 0.77 3.80 0.016 SIM5_4 0.41 1.93 0.017
SIM2_8 0.66 9.00 0.016 SIM5_5 0.56 14.32 0.015
SIM2_9 0.45 7.52 0.017 SIM5_8 0.25 3.15 0.019
SIM2_10 0.47 3.31 0.016 SIM5_10 0.23 8.40 0.020
SIM3_1 2.22 13.06 0.013 SIM6_2 2.70 16.02 0.013
SIM3_2 1.62 10.31 0.014 SIM6_3 2.12 10.81 0.013
SIM3_3 1.24 7.99 0.014 SIM6_11 1.43 12.63 0.014
SIM3_11 1.83 11.65 0.013 SIM6_20 1.68 10.62 0.014
SIM3_4 2.48 14.66 0.013 SIM6_4 1.44 11.35 0.014
SIM3_5 2.14 13.42 0.013 SIM6_6 1.54 10.32 0.014
SIM3_6 1.67 10.27 0.013 SIM6_10 1.00 7.21 0.014
SIM3_8 1.63 11.22 0.014
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Figure 40. Relationship between Gelbstoff absorption (ag(λ)) spectral slope and Salinity 
during dry (A) and wet (B) seasons  
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Continuous, Along-Track (flow-through) Measurements  
Continuous, along-track measurements were collected during SIM6 in October 2000. 
These measurements show the spatial distribution of surface temperature, salinity, 
CDOM fluorescence, CHL fluorescence (Figure 41), total absorption, a(λ),total 
attenuation, c(λ), and total scattering, b(λ) (by difference) coefficients at nine different 
wavelengths (Figure 42). 
Temperature values ranged from 28.70 °C to 29.92 °C (⎯× = 29.51°C) in the GOP and 
from 28.49 °C to 29.21 °C (⎯× = 28.86 °C) in the SEC. Salinity values ranged from 9.81 
to 32.32 (⎯× = 18.56) in the GOP and from 24.84 to 32.32 (⎯× = 30.70) in the SEC.    
Relative values of CDOM fluorescence were always higher in the GOP than in the 
SEC. The lowest CDOM values observed to the north of the Paria Peninsula occurred 
around the upwelling focus station, SIM6_7. Relative values of chlorophyll fluorescence 
were also higher in the GOP than in the SEC. Excitation/emission signal of CDOM varies 
according to its composition (Blough and Del Vecchio, 2002); therefore, the source, 
photodegradation and mixing with marine waters possibly had confounding effects in the 
CDOM fluorescence signal measured. 
Patches of high chlorophyll fluorescence were frequently observed in the GOP. A 
marked decrease in both chlorophyll and CDOM fluorescence was observed around 
station SIM6_20, located approximately in the center of the GOP, and also north of the 
Paria Peninsula in the SEC. Changes in CDOM fluorescence and chlorophyll 
fluorescence were both related to changes in salinity, although clearly this relation was 
stronger for CDOM than for chlorophyll fluorescence (Figure 43). This is the only 
evidence observed on this study in which CDOM and chlorophyll-a seem to have a close 
correlation. Also, both CDOM and chlorophyll fluorescence showed a strong relation to 
changes in total absorption at 440 nm (Figure 44). This indicates that even though 
CDOM dominates the total absorption at 440nm, the contribution from phytoplankton 
still has a significant impact on total absorption at this wavelength.  
 Minimum, maximum, and mean values of total a(λ), b(λ), and c(λ) for the GOP and 
SEC are presented in Table 15. According to the cruise mean values, at the blue bands 
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(412nm, 440nm, and 488m) light attenuation was about three times higher in the GOP 
than in the SEC. At longer wavelengths (510 nm, 532 nm, 555 nm, 650 nm, 676 nm),  
light attenuation was about two times higher in the GOP than in the SEC. In both the SEC 
and GOP, b(λ) dominated the light attenuation at all wavelengths. 
Both a(λ) and b(λ) showed a spectral dependency, with values decreasing with 
increasing wavelength (Figure 45). Higher values of a(650) and a(676) were due to the 
increase in water and phytoplankton absorption at these wavelengths.  
The spectral dependence of a(λ) between 412 nm and 555 nm can be explained by the 
dominance of ag(λ) over ap(λ) (Figure 46) throughout the study region. Contributions of 
ag(440) to total absorption ranged from 60.95% to 97.89% (Table 16). Spectral 
dependence of b(λ) has been observed previously in case 1 and case 2 waters by Gould et 
al. (1999) who reported a linear relationship of b versus wavelength, with the slope 
progressively decreasing from turbid waters dominated by suspended sediments to clear 
waters dominated by phytoplankton.  
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Figure 41. Along-track measurements of surface Temperature (°C), Salinity (psu), 
CDOM-fluorescence (relative values), and Chlorophyll-fluorescence (relative values) 
starting from the GOP near Serpent’s Mouth northward towards the SEC  
 
 
 
GOP-Serpent’s Mouth SEC 
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Figure 42. Along-track measurements of total attenuation (c), total absorption (a), and 
total scattering  (b) coefficients, starting from the GOP near Serpent’s Mouth northward 
towards the SEC  
 
 
 
 
 
 
 
 
 
 
GOP-Serpent’s Mouth SEC 
Wavelengths: 412 nm, 440 nm, 488 nm, 510 nm, 532 nm, 555 nm, 650 nm, 676 nm, 715 nm
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Figure 43. Relationship between CDOM and Chlorophyll fluorescence with salinity from 
along-track measurements  
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Figure 44. Relationship between CDOM and Chlorophyll fluorescence with total 
absorption coefficient at 440 nm from along-track measurements  
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Table 15. Minimum, maximum, and mean values of surface total absorption (a), 
scattering (b) and beam attenuation (c) coefficients 
 
 
 
 
 
 
 
 
GOP SEC GOP SEC GOP SEC
min 0.15 0.12 0.35 0.07 0.53 0.32
412 nm max 4.72 1.59 10.09 1.66 13.94 2.95
mean 1.61 0.55 1.63 0.61 3.24 1.15
min 0.10 0.04 0.32 0.13 0.46 0.27
440 nm max 3.26 1.06 9.70 1.73 12.37 2.49
mean 1.06 0.36 1.57 0.61 2.63 0.97
min 0.05 0.03 0.32 0.14 0.39 0.23
488 nm max 1.78 0.52 8.89 1.69 10.38 2.05
mean 0.53 0.18 1.46 0.59 2.00 0.78
min 0.05 0.03 0.31 0.13 0.38 0.23
510 nm max 1.42 0.43 8.57 1.68 9.75 2.01
mean 0.42 0.16 1.42 0.59 1.85 0.74
min 0.04 0.03 0.30 0.13 0.37 0.23
532 nm max 1.11 0.34 8.29 1.65 9.23 1.90
mean 0.34 0.14 1.39 0.58 1.73 0.72
min 0.04 0.03 0.29 0.14 0.36 0.23
555 nm max 0.93 0.29 7.98 1.60 8.70 1.80
mean 0.27 0.12 1.35 0.57 1.62 0.69
min 0.31 0.29 0.26 0.11 0.60 0.47
650 nm max 0.68 0.41 6.93 1.51 7.44 1.89
mean 0.38 0.35 1.20 0.53 1.58 0.88
min 0.43 0.39 0.25 0.12 0.70 0.59
676 nm max 1.36 0.55 6.66 1.53 7.22 2.04
mean 0.49 0.47 1.16 0.52 1.64 0.99
a (λ) (m-1) b (λ) (m-1) c (λ) (m-1)
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Figure 45.  Spectral dependence of total absorption (a) and total scattering (b) 
coefficients  
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Figure 46. Gelbstoff (yellow), Detritus (blue) and phytoplankton (green) absorption 
contributions to total absorption at 440 nm 
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Table 16. Gelbstoff, detritus, and phytoplankton contributions to total absorption at 440 
nm 
 
 
 
 
 
 
 
 
 
 
Station
a g (440)     
%
a d (440)     
%
a ph (440)    
% Station
a g (440)     
%
a d (440)     
%
a ph (440)    
%
SIM1_7 92.17 2.89 4.43 SIM3_9 92.80 1.14 5.56
SIM1_6 96.17 1.38 2.20 SIM4_1_1 60.95 34.30 4.37
SIM1_5 74.79 18.82 5.72 SIM4_1_2 91.88 5.30 2.43
SIM2_16 84.02 14.16 1.53 SIM4_2 96.88 2.23 0.70
SIM2_15 84.42 13.41 1.80 SIM4_3 78.49 18.58 2.77
SIM2_14 86.42 10.37 2.82 SIM4_11 90.57 5.92 2.96
SIM2_2 88.13 9.24 2.26 SIM4_4 95.15 2.15 2.18
SIM2_3 88.69 5.67 5.08 SIM4_5 91.68 3.80 3.98
SIM2_4 95.53 1.41 2.58 SIM4_8 93.71 2.81 2.95
SIM2_5B 91.71 4.07 3.71 SIM5_2 95.20 2.26 2.30
SIM2_5 88.42 3.85 6.33 SIM5_11D 89.20 2.88 7.41
SIM2_6 89.29 4.50 5.48 SIM5_4 90.26 2.22 6.13
SIM2_8 88.03 3.99 7.13 SIM5_5 90.26 2.22 6.13
SIM2_9 85.66 3.85 9.30 SIM5_8 94.13 0.52 4.29
SIM2_10 87.87 3.54 7.39 SIM5_10 87.28 2.06 8.26
SIM3_1 79.09 19.44 1.24 SIM6_2 84.86 12.74 2.20
SIM3_2 85.76 9.85 4.05 SIM6_3 87.08 9.90 2.76
SIM3_3 83.73 9.68 6.15 SIM6_11 93.44 2.58 3.57
SIM3_11 70.59 7.95 21.21 SIM6_20 95.58 1.30 2.75
SIM3_4 97.89 0.37 1.50 SIM6_4 95.24 1.71 2.63
SIM3_5 96.38 1.06 2.28 SIM6_6 96.22 1.28 2.11
SIM3_6 95.56 2.89 1.19 SIM6_10 97.76 0.37 1.25
SIM3_8 96.59 0.53 2.50
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Light Field 
  
Subsurface Measurements 
Underwater profiles of downwelling irradiance, Ed(λ), were used to derive the diffuse 
attenuation coefficient, Kd(λ), at the spectral bands used by SeaWiFS. Kd(λ) relates the 
spectral irradiance at any depth, Ed(λ,z), to the irradiance just above it. If Kd(λ) is a 
constant with depth, then downwelling irradiance at any depth can be related to that just 
beneath the sea surface, Ed(λ,0-) (Farmer et al., 1993):. 
Ed(λ,z) = Ed(λ,0-)exp-[Kd(λ)z] 
In general, Kd(λ) decreased with increasing wavelength from 412 nm to 555 nm 
increasing again for the 665nm and 683 nm bands. In the GOP, Kd(λ) values at blue 
wavelengths were about 6 times higher during SIM3 and SIM4 than during SIM5, and 
about two times higher than during SIM1 and SIM2. In the SEC Kd(λ) values remained 
very similar for all the cruises (with exception of SIM3), where Kd(λ) values in the blue 
wavelengths were about 6 times lower than in the GOP (Figure 47). Depths of maximum 
light penetration (zmax) were estimated for the GOP and the Orinoco plume in the SEC by 
pooling observations per cruise. The depth was estimated using the optical depth (ζ) at 
which surface Ed(λ) is reduced to 1% (ζ = 4.605). Farmer et al. (1993) reported an 
increase of 15 nm to 90 nm in the wavelength of maximum penetration (mainly from blue 
to yellow), for both the SEC and GOP during the wet season. Such seasonal shift in 
wavelength was not observed in this study. Wavelengths of maximum penetration (532 
and 555 nm) and minimum penetration (412 and 443 nm) remained the same for all the 
stations during both seasons (Figure 48). In the GOP, light at the blue and red 
wavelengths was attenuated to 1% in the first 5-10 m of the water column. Green light 
penetrated the deepest, but it also was extinguished at about 15 m. SIM5 was the cruise 
with higher depths of light penetration (> 15 m). 
Plume waters in the SEC were somewhat more transparent than in the GOP. There 
was an increase in zmax to up to10 m for the blue wavelengths and up to 27 m for the 
green wavelengths,  
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while that for the red wavelengths remained similar to those observed in the GOP 
(~10m). Individual values of Kd and zmax are shown in Table 17.  
 
 
Figure 47. Mean spectral values of the diffuse attenuation coefficient (Kd) in the GOP  
(A) and SEC (B)  
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Figure 48.  Mean values of the euphotic depth (zmax) (1% of subsurface irradiance) in the 
GOP (A) and SEC (B)  
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Table 17. Diffuse attenuation coefficient (Kd) and depth of maximum penetration (zmax) 
per station 
Stations
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
SIM1_7 2.13 2.17 1.19 3.86 0.72 6.40 0.54 8.54 0.48 9.65 0.78 5.90 0.81 5.68
SIM1_5b 0.50 9.30 0.37 12.28 0.26 17.94 0.22 21.14 0.21 22.22 0.60 7.74 0.62 7.39
SIM1_4 0.23 20.14 0.20 23.05 0.18 25.53 0.21 21.52 0.22 21.34 0.61 7.50 0.65 7.08
SIM1_8 0.67 6.85 0.42 10.89 0.23 20.06 0.17 26.38 0.16 29.00 0.49 9.40 0.52 8.82
SIM1_11 0.49 9.38 0.33 13.86 0.21 21.77 0.18 25.33 0.18 26.18 0.50 9.28 0.53 8.70
SIM1_12 0.82 5.63 0.54 8.54 0.32 14.37 0.24 19.00 0.22 21.27 0.56 8.25 0.59 7.79
SIM1_13 0.76 6.06 0.49 9.38 0.28 16.73 0.20 22.63 0.18 25.13 0.56 8.26 0.59 7.75
SIM1_9 0.32 14.58 0.21 22.04 0.13 35.61 0.12 37.90 0.12 37.87 0.51 9.09 0.54 8.45
SIM2_16 1.37 3.36 1.18 3.91 0.78 5.88 0.60 7.64 0.54 8.58 0.75 6.13 0.78 5.90
SIM2_15 0.99 4.66 0.99 4.65 0.63 7.28 0.47 9.77 0.42 11.06 0.64 7.21 0.67 6.89
SIM2_14 1.25 3.69 1.06 4.33 0.61 7.59 0.41 11.27 0.34 13.46 0.54 8.48 0.57 8.08
SIM2_2 1.75 2.63 1.49 3.09 0.89 5.17 0.63 7.29 0.54 8.50 0.70 6.54 0.73 6.31
SIM2_3 1.90 2.42 1.22 3.77 0.69 6.67 0.47 9.80 0.40 11.43 0.59 7.75 0.62 7.40
SIM2_4 1.49 3.09 0.96 4.81 0.52 8.89 0.35 13.29 0.30 15.54 0.50 9.16 0.53 8.65
SIM2_5b 0.31 14.72 0.60 7.71 0.38 12.19 0.30 15.36 0.28 16.64 0.60 7.67 0.65 7.13
SIM2_5 1.59 2.90 0.98 4.72 0.52 8.93 0.35 13.24 0.29 15.71 0.53 8.76 0.55 8.36
SIM2_6b 0.42 10.92 0.29 16.11 0.17 27.50 0.14 32.90 0.13 34.52 0.48 9.51 0.52 8.89
SIM2_6 0.27 17.15 0.23 20.26 0.17 27.15 0.18 26.10 0.19 24.58 0.64 7.24 0.70 6.61
SIM2_18 0.17 26.61 0.13 34.72 0.10 47.68 0.11 42.44 0.12 38.39 0.45 10.33 0.47 9.78
SIM2_17 0.72 6.37 0.50 9.18 0.32 14.36 0.26 17.49 0.25 18.18 0.59 7.86 0.62 7.46
SIM2_8 1.57 2.93 1.03 4.47 0.62 7.48 0.46 10.07 0.42 10.92 0.78 5.94 0.82 5.64
SIM2_9 0.84 5.46 0.51 9.08 0.25 18.19 0.17 26.54 0.15 31.31 0.43 10.61 0.46 9.97
SIM2_10 0.73 6.33 0.46 10.02 0.26 17.89 0.19 24.44 0.18 26.17 0.50 9.21 0.53 8.67
SIM3_1 3.39 1.36 2.35 1.96 1.44 3.19 1.03 4.46 0.87 5.27 0.95 4.83 0.97 4.76
SIM3_2 4.03 1.14 2.65 1.73 2.28 2.02 1.87 2.47 1.32 3.50 1.07 4.30 0.97 4.75
SIM3_11 3.02 1.53 2.11 2.18 1.27 3.62 0.93 4.96 0.88 5.25 1.08 4.25 1.19 3.88
SIM3_5 3.35 1.38 2.08 2.22 1.12 4.11 0.76 6.04 0.61 7.52 0.72 6.38 0.73 6.28
SIM3_6 2.26 2.04 1.38 3.34 0.66 6.99 0.32 14.50 0.18 25.22 0.31 14.93 0.31 14.72
SIM3_7 1.07 4.31 0.72 6.43 0.32 14.40 0.19 24.58 0.15 30.31 0.52 8.91 0.62 7.48
SIM3_9 1.30 3.55 0.74 6.20 0.22 21.40 0.10 47.60 0.12 37.97 0.27 17.30 0.21 22.20
SIM3_10 0.33 14.03 0.29 15.85 0.25 18.07 0.25 18.78 0.24 19.07 0.60 7.65 0.66 6.98
SIM4_1_1 4.38 1.05 3.16 1.46 2.14 2.16 1.58 2.91 1.37 3.37 1.34 3.43 1.34 3.43
SIM4_1_2 1.40 3.28 0.88 5.20 0.49 9.34 0.35 13.04 0.33 13.94 0.55 8.32 0.61 7.58
SIM4_2 1.36 3.37 0.87 5.31 0.45 10.19 0.31 14.97 0.27 16.91 0.54 8.46 0.58 7.87
SIM4_3 8.00 0.58 5.55 0.83 3.65 1.26 2.62 1.76 2.20 2.10 1.80 2.56 1.76 2.61
SIM4_4 1.73 2.66 1.16 3.96 0.68 6.82 0.46 9.99 0.38 12.10 0.62 7.44 0.58 7.96
SIM4_5 1.86 2.48 1.24 3.71 0.71 6.47 0.50 9.25 0.42 10.95 0.66 6.99 0.68 6.80
SIM4_6 0.86 5.37 0.59 7.77 0.37 12.48 0.30 15.43 0.28 16.46 0.63 7.36 0.66 7.02
SIM4_7 0.25 18.52 0.22 20.81 0.16 28.48 0.15 31.64 0.15 30.21 0.56 8.26 0.58 8.00
SIM4_8 1.58 2.91 0.99 4.65 0.58 7.98 0.43 10.79 0.44 10.53 0.66 6.98 0.56 8.28
555 nm 665 nm 683 nm412 nm 443 nm 490 nm 532 nm
Continued on the next page 
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Table 17. (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stations
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
Kd       
(m-1)
zmax 
(m)
SIM4_9 0.71 6.52 0.47 9.84 0.31 14.87 0.27 16.96 0.27 16.78 0.55 8.38 0.56 8.28
SIM4_10 0.41 11.22 0.24 19.53 0.10 45.33 0.09 48.48 0.14 31.89 0.56 8.18 0.56 8.22
SIM5_1 0.87 5.30 0.63 7.36 0.41 11.27 0.32 14.57 0.29 15.89 0.57 8.03 0.60 7.63
SIM5_2 0.67 6.85 0.47 9.81 0.30 15.60 0.25 18.72 0.24 19.18 0.55 8.44 0.56 8.22
SIM5_3 0.95 4.82 0.67 6.92 0.45 10.14 0.37 12.38 0.35 13.22 0.59 7.84 0.55 8.38
SIM5_11 0.81 5.67 0.50 9.13 0.24 19.52 0.14 33.75 0.10 46.33 0.40 11.44 0.40 11.39
SIM5_4 0.49 9.37 0.34 13.56 0.20 22.84 0.17 27.28 0.16 28.19 0.47 9.74 0.48 9.68
SIM5_5 0.39 11.75 0.24 19.42 0.18 25.47 0.17 26.80 0.19 24.37 0.56 8.17 0.63 7.31
SIM5_6 0.32 14.31 0.26 18.02 0.18 24.97 0.17 26.64 0.18 26.19 0.53 8.64 0.56 8.23
SIM5_9 0.65 7.11 0.47 9.80 0.32 14.29 0.29 15.98 0.29 15.69 0.66 7.03 0.69 6.71
SIM5_10 0.54 8.50 0.37 12.28 0.25 18.25 0.24 18.86 0.26 18.00 0.72 6.38 0.80 5.79
555 nm 665 nm 683 nm412 nm 443 nm 490 nm 532 nm
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Surface Reflectance Measurements 
Large differences in Rrs(λ) spectra were observed among the stations near Serpent’s 
Mouth, the stations near Dragon’s Mouth and the stations in the SEC. Specifically, the 
following patterns were observed: 
GOP-Serpent’s Mouth: 
During both seasons, Rrs(λ) spectra in Serpent’s Mouth were characterized by low 
values in the blue and high values between 500 nm and 680 nm, with three distinctive 
peaks, namely 576-584 nm, 620-628 nm, and 660-684 nm (Figure 49). Maximum Rrs(λ) 
values (Rrsmax) usually occurred at about 580 nm ranging from 0.0037 sr-1 (SIM3_11 at 
580 nm) to 0.0234 sr-1 (SIM4_1-1b at 584 nm). Rrs(440) ranged from 0.0012 sr-1 
(SIM3_11) to 0.0120 sr-1 (SIM5_3). An increase in Rrs(λ) at the blue wavelengths, a shift 
of Rrsmax wavelength from ~580 nm to 564 nm, and a more pronounced decrease of Rrs 
values between 580 nm and 600 nm were observed during SIM5 near Serpent’s Mouth. 
Patchiness in this region was visible during two of the cruises and was detected in the 
Rrs(λ) measurements. Two Rrs(λ) spectra collected around station 11 during SIM3 
showed different spectral features. One of them (SIM3_11R) showed features that are 
very characteristic of red tides. While during SIM4, a patch of lower Rrs values with 
Rrsmax below 0.010 sr-1 (SIM4_1-2, SIM4_2a, and SIM4_2b), was observed between 
stations SIM4_1_1b and SIM4_3 for which Rrsmax were above 0.020 sr-1. 
GOP-Dragon’s Mouth: 
With exception of SIM5, Rrs(λ) spectra observed in and near Dragon’s Mouth were 
similar during the dry and wet season (Figure 50).  A maximum peak was usually 
observed between 568 nm and 572 nm, while a second distinctive peak was observed in 
the spectral region between 660 nm and 684 nm. The shoulder between 620 nm - 640 nm 
which was very clear in the Rrs(λ) spectra from Serpent’s Mouth was not marked in data 
from Dragon’s Mouth. This emphasized a pronounced decrease of Rrs(λ)between 580 nm 
and 600 nm in the Rrs(λ) spectra.  
 In the GOP, Rrsmax values ranged from 0.0009 sr-1 (SIM2_4 at 568 nm) to 0.0034 sr-1 
(SIM1_7 at 568 nm). For the secondary peak Rrs values ranged from 0.0004 sr-1 (SIM2_4 
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at 660 nm) to 0.0022 sr-1 (SIM1_7 at 680 nm). In the blue region, Rrs at 440 nm ranged 
from 0.0006 sr-1 (SIM2_4) to 0.0024 sr-1 (SIM1_7). 
The Rrs spectra measured during SIM5 were characterized by high values between 
480 nm and 580 nm, with three distinctive peaks in this spectral region around 504 nm, 
544 nm, and 560 nm, and a fourth peak around 680 nm. Rrsmax at 544 nm and the peak 
around 680 nm were very similar for both stations, namely ~0.0025 sr-1 and ~ 0.001 sr-1 
respectively.  The main differences between the spectra from SIM5 and those from the 
other cruises were a shift of the Rrsmax wavelength from ~ 572 nm to 544 nm, and an 
increase in Rrs values between 440 nm and 520 nm.                  
Southeastern Caribbean (SEC): 
Rrs(λ) spectra in the SEC were highly variable in terms of shape and magnitude 
(Figure 51). Wavelengths of Rrsmax ranged from 488 nm to 568 nm, while Rrsmax values 
ranged from 0.0016 sr-1 (SIM6_10 at 500 nm) to 0.0092 sr-1 (SIM5_6 at 544 nm). Rrs 
values at 440 nm ranged from 0.0008 sr-1 (SIM4_8) to 0.0034 sr-1 (SIM4_7), and Rrs 
values at 680 nm ranged from 0.0004 sr-1 (SIM6_10) to 0.0036 sr-1(SIM3_7). 
The Rrs spectrum observed in station SIM5_6 (Rrsmax at 544 nm) was quite unique 
and not reproduced at any other station or cruise in the SEC, however it was very similar 
to spectra observed in the GOP near Dragon’s Mouth during the same cruise. 
Unfortunately, there was only one Rrs measurement available for the stations outside of 
the GOP during SIM5.   
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Figure 49. Rrs(λ) spectra for stations in the GOP near to Serpent’s Mouth 
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Figure 50. Rrs(λ) spectra for stations in the GOP near to Dragon’s Mouth  
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Figure 51. Rrs(λ) spectra for stations in the SEC 
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The following spatial patterns in Rrsmax were observed, regardless of season: 
1. Stations with wavelengths of Rrsmax between 576 nm and 584 nm were 
located in the GOP near Serpent’s Mouth (10.00 N - 10.20 N). 
2. Stations with wavelengths of Rrsmax between 568 nm and 572 nm were 
located in the GOP near Dragon’s Mouth (10.50 N - 10.70 N). 
3. Stations with wavelengths of Rrsmax between 564 nm and 568 nm were located 
in the SEC (10.8 N - 11.20 N). 
4. Stations with wavelengths of Rrsmax between 488 nm and 504 nm were located 
offshore in the SEC (11.20 N - 11.40 N).  
  
 Remote-sensing reflectance (Rrs) is a function of the IOPs, namely the absorption and 
backscattering coefficients, in the form: ( )Rrs( )
( ) ( )
b
b
bcons
a b
λλ λ λ≈ + ; therefore, spectral 
variability in Rrs(λ) measurements, such as changes in magnitude and position of Rrsmax, 
can be explained by changes in these IOPs due to changes in the concentration and 
composition of particulate and dissolved substances. 
 There were no bb(λ) measurements available for this study. Therefore, the following 
explanation of the spectral changes observed in Rrs(λ) is somewhat speculative. The data 
show that CDOM dominated the total absorption in the blue wavelengths in the GOP and 
SEC indistinctively of the season. In the GOP, during the dry season the mean 
contributions of ag(440), ad(440) , and aph(400) to a(440) were 88.89%, 5.18%, and 
5.42%, respectively. While during the wet season, the mean contribution of ag(440) 
remained very similar when compared to the dry season (88.46%), the mean contribution 
of ad(440) increased to 8.13%, and the mean contribution of aph(440) decreased to 2.97%.  
In the SEC, during the dry season, these contributions were very similar to those 
observed in the GOP; however, during the wet season the mean contribution of ad(440) 
decreased to ~3% and the mean contribution of aph(440) increased to ~5%. However, the 
contribution of ad(440) could reach values as high as  34% in the GOP during the wet 
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season and aph(440) contribution may be as high as 20% in the GOP during the dry 
season.  
 Mean values of ag(440) to aph(440) ratios ranged from 3.33 to 139.4 in the GOP and 
from 9.2 to 80.63 in the SEC. These ratios were normally higher in the GOP than in the 
SEC with the exception of SIM6 (Table 18). In the GOP the highest mean ratio was 
observed during SIM4 while the lowest one was observed during SIM5. Spatial changes 
observed in the ratio between ag(440) and aph(440) were mainly due to the spatial  
changes observed in ag(440). The ratios at 443 nm in our study area are much higher than 
those reported for the west Florida shelf during summer (Nelson and Guarda, 1995); there 
they varied from 10 nearshore to about 1, approximately 100 km offshore. Similarly, the 
ratios in the Mississippi River plume ranged from 0.5 to 15 (Nababan, 2004 (personal 
communication)).  
 According to Kopelevich (2002) SeaWiFS algorithms overestimate chlorophyll 
concentrations when ag(440)/ aph(440) > 2. Using this ratio as an indicator it could be 
expected then that SeaWiFS band ratio algorithms would perform very poorly in the GOP 
and SEC, regardless of the season. 
  In terms of seasonal and spatial variability, there were no significant seasonal 
changes observed in ag(440) in either the GOP or the SEC. A significant seasonal 
difference, however, was observed in aph(440) and ad(440) for the GOP and SEC (Table 
19). However, the relative changes in ag(440) would have a greater impact in the seasonal 
spectral variability of  a(λ) and Rrs(λ). On the other hand, ag(440) presented significant 
spatial variability between the GOP and SEC. Spatial variation in aph(440) was most 
notable during the wet season (Table 20). Mean values of ag(440) and aph(440) were 
higher in the GOP than in the SEC, and ag(440) was found to be twice as high in the GOP 
than in the SEC. Therefore, in terms of spatial distribution, CDOM also have a greater 
contribution than phytoplankton to the spatial changes observed in total absorption and 
therefore in Rrs(λ). 
 The spatial patterns in c(660) and TSM (Tables 21 and 22) indicate that suspended 
particles play an important role in the spectral changes observed in Rrs(λ). Mean values 
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of c(660) during both seasons were twice as high in the GOP than in the SEC, while the 
mean value of TSM during the dry season was five times higher in the GOP than in the 
SEC. Also, measurements with the ac-9 also show that total scattering, b(λ), was two to 
four times higher near Serpent’s mouth than in the rest of the GOP and in the SEC. The 
reduction in the concentration of TSM would result in a reduction of b, and bb(λ) in the 
green to red channels.     
 Therefore, spatial variability of TSM and CDOM should be the primary factors 
causing shifts in Rrsmax towards shorter wavelengths, going from Serpent’s Mouth to the 
stations in the SEC, indistinctively of the season.  
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Table  18. Ratio between the absorption coefficients of Gelbstoff and           
phytoplankton at 440 nm 
Bold letters indicate stations in the SEC 
 
Table 19. T-test results showing the mean seasonal variability of ag(440), ad(440), and 
aph(440) in the GOP and SEC 
 
 
 
 
 
Station a g (440)/a ph (440) Station a g (440)/a ph (440)
SIM1_7 20.81 SIM3_9 16.69
SIM1_6 43.76 SIM4_1_1 13.95
SIM1_5 13.08 SIM4_1_2 37.80
SIM2_16 54.85 SIM4_2 139.39
SIM2_15 46.90 SIM4_3 28.31
SIM2_14 30.67 SIM4_11 30.60
SIM2_2 38.95 SIM4_4 43.59
SIM2_3 17.46 SIM4_5 23.04
SIM2_4 37.01 SIM4_8 31.81
SIM2_5B 24.72 SIM5_2 41.35
SIM2_5 13.96 SIM5_11D 12.04
SIM2_6 16.28 SIM5_4 14.71
SIM2_8 12.35 SIM5_5 14.71
SIM2_9 9.21 SIM5_8 21.97
SIM2_10 11.89 SIM5_10 10.57
SIM3_1 63.66 SIM6_2 38.54
SIM3_2 21.16 SIM6_3 31.59
SIM3_3 13.61 SIM6_11 26.16
SIM3_11 3.33 SIM6_20 34.73
SIM3_4 65.45 SIM6_4 36.22
SIM3_5 42.30 SIM6_6 45.66
SIM3_6 80.63 SIM6_10 77.92
SIM3_8 38.59
GOP SEC GOP SEC GOP SEC
Dry 1.613 0.887 0.056 0.055 0.109 0.034
WET 1.577 0.858 0.047 0.038 0.173 0.025
t-value 0.123 0.107 1.280 1.135 -1.052 0.831
P 0.904 0.917 0.213 0.270 0.301 0.414
Mean a g (440) (m
-1)  Mean a ph (440) (m
-1)  Mean a d (440) (m
-1)
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Table 20.  T-test results showing the mean spatial variability of ag(440), ad(440),         
and aph(440) 
 
 
Table 21. T-test results showing the mean seasonal and spatial                                
variability of Total suspended solids (TSM) 
 
 
Table 22. T-test results showing the mean seasonal and spatial                              
variability of the specific attenuation coefficient at 660 nm (c(660)) 
 
 
 
 
 
 
WET DRY WET DRY WET DRY
GOP 1.577 1.613 0.047 0.056 0.173 0.109
SEC 0.858 0.887 0.038 0.055 0.025 0.034
t-value 3.278 2.173 1.387 0.100 3.405 1.742
P 0.004 0.046 0.174 0.922 0.003 0.105
Mean a g (440) (m
-1)  Mean a ph (440) (m
-1)  Mean a d (440) (m
-1)
GOP SEC t-value P
Dry 2.29 1.23 2.00 0.06
WET 2.38 1.06 2.67 0.01
t-value -0.13 0.63
P 0.89 0.53
c (660) (m-1) Spatial Variability
c (660) (m-1)
Seasonal 
Variability
GOP SEC t-value P
Dry 27.06 5.26 2.13 0.05
WET 7.01 4.33 1.08 0.30
t-value 1.91 1.03
P 0.08 0.31
Spatial Variability
TSS (mg l-1)
Seasonal 
Variability
TSS (mg l-1)
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Ocean Color Algorithms 
 
Deriving chlorophyll-a from an empirical algorithm 
 Figures 52 and 53, show the dispersal of the Orinoco River plume over the SEC for 
the months in which the SIMBIOS-Orinoco cruises took place. These images were 
obtained from the satellite sensor SeaWiFS (Sea-viewing Wide Field-of-view Sensor) 
and processed using the empirical band ratio ocean color algorithm OC4v4. The dispersal 
of the Orinoco River plume over the SEC has been documented previously by Müller-
Karger et al. (1989) and Hochman et al. (1994) using satellite images from the Coastal 
Zone Color Scanner (CZCS). However, the interpretation of the optical signature (color) 
detected by these satellite sensors over the Orinoco River plume has become a real 
challenge. Hochman et al. (1994) tried to deconvolve the signatures of colored dissolved 
organic carbon (CDOM) and phytoplankton pigments on CZCS images from the Orinoco 
River plume, concluding the as much as 50% of the chlorophyll derived from the CZCS 
images within the plume was an artifact due to the presence of CDOM. However, the 
results found in this study indicate a larger impact of CDOM on chlorophyll estimations 
from satellite sensors using band ratio algorithms.  
 When using the OC4v4 algorithm to derive chlorophyll-a concentrations from in situ 
measurements of Rrs(λ) within the Orinoco River plume in the SEC the derived 
concentrations were largely overestimated (Figure 54) for the wet and dry season. From 
23 measurements in the SEC (between both seasons) only 1 value was underestimated, 
corresponding to the station with the highest Rrs in the blue wavelengths (SIM4_7). The 
percentage errors (%E) ranged from 20.90% (SIM3_7) to 466.47% (SIM3_10) ( X = 
219.67, std = 183.2) during the dry season and from 27.33% (SIM4_7) to 1113 % 
(SIM4_8) ( X =287.4, std = 307.2) during the wet season (Table 23). Figure 55 shows the 
overall (both seasons) frequency distribution of the %E, indicating that most of the 
chlorophyll-a values derived from OC4v4 algorithm were at least 2 to 3 times higher than 
the in situ values. The two stations that showed lower %E  (SIM3_7, and SIM4_7) were 
located in an upwelling zone in front of the Paria Peninsula where the influence of the 
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Orinoco plume is lower. These stations had Rrs(λ) values in the blue wavelengths above 
0.002 sr-1 and Rrs(555) values above 0.004 sr-1.    
 The %E was compared to individual Rrs wavelengths and band ratios, and to the in 
situ chlorophyll-a concentration. The dispersion of the few data points available for the 
comparisons was too scattered, and thus, defining a trend or systematic error became 
problematic.   
 Rrs(λ) spectra in the SEC (Figure 51) shows that Rrs(λ) values in the blue 
wavelengths were mostly around 0.002 sr-1 and Rrsmax values  were constantly below 
0.010 sr-1. In comparison, in clear blue waters Rrs are typically high in the blue with 
Rrs(400) values normally above 0.005 sr-1 (e.g. Froidefond et al., 2002). It is evident that 
the water in the SEC was very dark during both seasons. High values of ag(λ) and ag(λ) 
to aph(λ) ratios observed  in this region (previous section) indicate that Gelbstoff, or 
dissolved organic matter (CDOM),  was the main factor for significant decreases in  the  
Rrs(λ) values.  Therefore, it is safe to conclude that ag(λ) at the wavelengths used by the 
algorithm interfered with the empirical relationship between chlorophyll-a concentration 
and the Rrs(λ) band ratios causing the OC4v4 algorithm to fail.    
 An alternative to improve the performance of global band ratio algorithms such as 
OC4v4 is to create regional algorithms by finding site-specific coefficients from 
statistical regressions between in situ chlorophyll-a concentration and Rrs(λ) band ratios. 
For this purpose, regressions were performed using in situ chlorophyll-a concentrations 
and Rrs(λ) values for stations in the SEC (Figures 56 and 57).  
 Although statistically there seems to be a some relationship, specifically for the dry 
season, the dispersion of the points is too close to a flat line and it does not approach an 
asymptote at either end of the plot. This indicates, that changes in chlorophyll-a 
concentrations are not strongly represented by changes in the band ratios; therefore, very 
small variations in Rrs(λ) may result in very large errors in the estimation of chlorophyll-
a concentrations.  
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Figure 52. Monthly mean SeaWiFS images, processed using the OC4v4 algorithm, for 
the cruises carried out during the dry season.  
 
 
SIM1: June, 1998 
SIM3: February, 1999 
SIM5: March, 2000 
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Figure 53. Monthly mean SeaWiFS images, processed using the OC4v4 algorithm, for 
the cruises carried out during the wet season.  
 
SIM2: October, 1998 
SIM4: October, 1999 
SIM6: October, 2000 
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Figure 54. Chlorophyll-a concentration derived from the OC4v4 algorithm, [Chl-a]OC4v4 
versus chlorophyll-a concentrations measured from in situ  water samples [Chl-a]mea 
during de dry (A) and wet (B) season 
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Table 23. Chlorophyll-a concentrations from in situ measurements [Chl-a]mea, and 
derived from the OC4v4 algorithm [Chl-a]OC4v4, and percentage error (%E) 
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Figure 55.  Frequency distribution of  %E between in situ measurements and derived 
OC4v4 chlorophyll-a concentrations. 
 Dry Season    Wet Season  
Station 
[Chl-a]mea 
(µg l-1) 
[Chl-a]OC4v4 
(µg l-1) %E  Station 
[Chl-a]mea
(µg l-1) 
[Chl-a]OC4v4 
(µg l-1) %E 
SIM1_5b 1.99 5.80 190.54  SIM2_18 0.68 1.77 160.29 
SIM1_8b 1.45 4.23 191.34  SIM2_17 1.80 2.54 41.11 
SIM1_12 2.04 3.22 57.84  SIM2_8 1.00 3.68 268.00 
SIM1_13 2.41 3.20 32.78  SIM2_9 0.78 3.03 288.46 
SIM3_6 0.64 3.60 460.40  SIM2_6 1.63 3.31 103.07 
SIM3_7 3.52 4.26 20.90  SIM2_10 0.92 2.53 175.00 
SIM3_10 0.17 0.98 466.47  SIM4_7 3.00 2.18 -27.33 
SIM5_6 0.62 2.71 337.10  SIM4_8 0.79 9.58 1112.66 
     SIM4_9 1.12 3.31 195.64 
     SIM4_10 0.28 1.99 622.06 
     SIM6_8 1.53 3.95 158.34 
     SIM6_9 1.13 2.86 153.10 
     SIM6_10 0.17 1.29 658.82 
         SIM6_12 0.20 0.43 115.00 
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Figure 56. Rrs(λ) band-ratios used by the OC4v4 algorithm versus in situ chlorophyll-a 
concentrations in the SEC during the dry season  
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Figure 57. Rrs(λ) band-ratios used by the OC4v4 algorithm versus in situ chlorophyll-a 
concentrations in the SEC during the wet season  
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Using a Rrs inversion model 
   Another alternative to derive chlorophyll-a concentrations is to use a semi-analytical 
(SA) algorithm instead of a pure empirical one. Carder et al. (1999) developed a SA 
algorithm to derive chlorophyll-a concentrations for the Moderate-Resolution Imaging 
Spectrometer (MODIS) satellite sensor. This algorithm is based on an inversion model in 
which absorption coefficients are derived from MODIS Rrs(λ) values. Chlorophyll-a 
concentrations are then derived from the phytoplankton absorption coefficient (aph) at 
440 nm determined by the inversion model.  To explore the possibility of using this kind 
of algorithm, a bio-optical inversion model developed by Lee et al. (1999) was used to 
derive ag(λ) and aph(λ) values from in situ measurements of Rrs(λ) in the SEC.  
 Table 24 shows the results from the inversion model. %E for aph(440) ranged from    -
60.5% (SIM4_8) to 282.96% (SIM2_6). From nine aph(440) data points seven were 
overestimated by more than 50%, and two points were underestimated by less than 50%. 
The model had a better performance deriving ag(440) values. %E for ag(440) ranged from 
–83.23% (SIM6_10) to 36.66% (SIM3_6). From seven ag(440) data points four were 
underestimated by less than 25%, and one value was overestimated by only 3.4%. In 
general, the model tended to underestimate ag(440) values when the in situ values of 
ag(440) were below 1 m-1 and to overestimate when in situ  ag(440) values were above 1 
m-1.  
 For the inversion model to perform properly, it needs to consider the spectral 
characteristics of the different variables involved in the model, including those of  aph, 
aph*,  ag(λ), and bb(λ) ( Lee et al., 1999; Carder et al., 1999). The spectral characteristics 
used by the model in this study were based on a series of in situ measurements collected 
in the Gulf of Mexico (Ivey, 2004 (personal communication)) as a representation of 
coastal waters. Therefore, it is possible that the model failed in the determination of 
aph(λ) values because the parameters used may not apply to the SEC region. The model 
could be improved by adjusting (tuning) it to the local conditions found in the SEC. 
However, as shown previously, due to the riverine influence from the Orinoco, the 
spectral features that characterize the SEC, were highly variable, especially for aph*(λ). 
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This variability and the interference of ag(λ) makes it difficult to define the spectral 
parameters that could be changed (tuned) in the model to adapt it to the local conditions, 
so that it could  effectively work over the whole region. High %E (> 100%) were 
obtained even by using a local relationship between in situ measurements of aph(λ) and 
chlorophyll-a concentration (Figure 58). Therefore, a good understanding of the factors 
responsible for the variability in aph* (λ) (e.g. package effect) is required to develop a 
more accurate regional algorithm (see Carder et al., 2004).        
 Even though there were no in situ measurements available to compare to the bb(λ) 
values derived by the model, these were compared to the concentration of TSM (Figure 
59). The purpose was to determine if a correlation exists between these two variables in 
the SEC. In turbid waters, loaded with large quantities of suspended sediments, the 
scattering coefficient increases at all angles, which may result in large values of bb(λ) 
(Mobley, 1994). Therefore, strong correlations between bb(λ) and TSM can be found in 
these regions. 
 Values of bb(640) ranged from 0.0010 m-1 to 0.0064 nm-1 ( X = 0.0024 m-1, std = 
0.0015) (Table 24). No significant correlation was found between bb(640) and TSM (r2 = 
0.38), although some tendency can be observed of bb(640) to increase with TSM the data 
show significant scatter. It is possible that this poor correlation could result from 
inaccurate measurements of the in situ radiometric spectra. If the points with suspicious 
low values of bb(640) are excluded the correlation between bb(640) and TSM increases 
(r2 = 0.55).   
 A stronger correlation, and less scattered points, was found between bb(640) and 
chlorophyll-a concentrations (r2 = 0.76). These results indicate that the concentration of 
suspended inorganic particles in the SEC was insufficient to have a significant impact on 
bb(λ), while phytoplankton, which supposedly scatters only weakly at large angles (Kirk, 
1994), seemed to make a more prominent contribution. According to this, it is possible 
that TSM in the SEC was dominated by phytoplankton particles. However, this 
conclusion remains somewhat speculative as the relationship between bb(λ) and the 
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different particles found in the water continues to be uncertain and controversial, mainly 
due to the lack of in situ bb(λ) measurements (Stramski et al., 2004).  
 
Table 24. Results from Rrs inversion model 
 
 
Figure 58. Local relationship between chlorophyll-a concentration and aph(440) 
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(m-1) 
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(m-1) %E  
in situ 
(m-1) 
Modeled  
(m-1) %E  
modeled 
(m-1) 
SIM2_18  0.034 0.057 67.1 N/A N/A N/A  0.0024 
SIM2_8  0.053 0.191 260.2 0.66 0.46 -30.2  0.0023 
SIM2_9  0.049 0.154 215.2 0.45 0.42 -5.7  0.0020 
SIM2_10  0.039 0.060 54.2 0.47 0.42 -11.4  0.0015 
SIM2_6  0.047 0.180 283.0 0.77 0.59 -23.3  0.0021 
SIM3_6  N/A N/A N/A 1.67 2.28 36.7  0.0037 
SIM3_10  0.024 0.044 85.3 N/A N/A N/A  0.0010 
SIM4_7  0.082 0.138 68.8 N/A N/A N/A  0.0048 
SIM4_8  0.035 0.014 -60.5 1.11 1.15 3.4  0.0075 
SIM6_10  N/A N/A N/A 1.00 0.17 -83.2  0.0011 
SIM6_12  0.015 0.011434 -23.8 N/A N/A N/A  0.0014 
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Figure 59. Relationship between the backscattering coefficient at 660 nm, bb(660), 
derived from the model and in situ measurements of TSM (A), and chlorophyll-a 
concentrations (B) 
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Rrs in situ measurements vs. Rrs modeled 
 The Rrs inversion model was supplied with in situ above-water measurements of total 
upwelling radiance, Lt(λ); sky radiance, Lsky(λ); and downwelling irradiance, Ed(λ). The 
model calculated Rrs(λ) after correcting for reflected sky light  and sun glint by 
subtracting a fraction of the sky reflectance ( based on Fresnel reflectance) and using a 
spectrally constant offset derived by the model. After Rrs(λ) values were calculated, 
another  Rrs(λ) spectra  was modeled using the optimization technique, from which the 
values of the absorption and backscattering coefficients were derived.  
 The Rrs(λ) spectra showed in Figure 51, were corrected only by subtracting Lsky 
using a surface Fresnel reflectance of 0.02 from Lt(λ). To avoid using the Rrs at 750 nm 
as an offset, no spectral offset was subtracted, and therefore these Rrs(λ) were not 
corrected for sun glint and some residual radiance was present. The improper removal of 
reflected sky radiance and residual signal is a potential source of uncertainties in above 
water determinations of Rrs(λ) (Toole et al., 2000). These may be the reason why some 
of them presented unusual high values at wavelengths above 700 nm (e.g. SIM3_6, 
SIM3_7, SIM6_8). 
 Figure 59 shows the comparison between the three suspicious Rrs(λ) spectra 
(Rrs(λ)uncorrected) and the Rrs(λ) spectra derived from the model (Rrs(λ)corrected, and 
Rrs(λ)mod). After the Rrs(λ) values were corrected for sun glint, they were significantly 
lowered; the values went negative at 400 nm and above 700 nm, indicating that the model 
may be overcorrecting, especially in the blue wavelengths. The final spectra modeled, 
however, may be a good representation of the “true” surface corrected Rrs(λ). A problem 
with the modeled spectra is that it does not account for the chlorophyll-a fluorescence 
peak around 685 nm. The failure of the model to solve for a modeled Rrs(λ) that matches 
the measured one (e.g. SIM6_8) could be an indicative of  errors in above-water 
radiometric measurements;  becoming a tool for data quality control.    
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Figure 60. Comparison between Rrs(λ) values uncorrected for sun glint, Rrs_uncorr, the 
Rrs(λ)corrected, and the Rrs(λ) derived by the inversion model (Rrs_corr and Rrs_mod, 
respectively) 
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Summary and Conclusion 
 
 
 A low salinity surface layer observed during each SIMBIOS-Orinoco cruise indicates 
that the Gulf of Paria (GOP) and southeastern Caribbean (SEC) are under the influence of 
fresh water input during both wet and dry seasons. In the GOP, this surface layer is a 
direct result of the discharge from the Orinoco River plume; in the SEC this layer may be 
a mixture of Orinoco and Amazon waters, which are transported in to the SEC by the 
Guayana current. However, the similarity of the silicate-salinity mixing line found in this 
study for the GOP and SEC to the one found by Froelich et al. (1989) for the Caribbean, 
suggests that water from the Orinoco River plume, rather than from the Amazon, 
dominates this region. This finding supports the observations made by Mueller-Karger et 
al. (1989) using satellite imagery.  
 Higher nitrite ( X = 0.28 mg l-1) and phosphate ( X = 0.25 mg l-1) concentrations 
observed in the GOP during SIM3, which resulted in high concentrations of chlorophyll-
a (~ 8.1 µg l-1) in one station (SIM3_11), indicate that upwelling processes are likely to 
occur within the GOP during the dry season, causing patches of high nutrient and 
chlorophyll-a values, and even red tides.  
 In general, surface chlorophyll-a concentrations in the GOP and SEC are 
characteristic of eutrophic waters ( X  > 0.9 µg l-1). This suggests that there is enough 
sunlight and nutrients in the surface layer of the Orinoco plume for phytoplankton to 
growth during both seasons, with a relative increase during the dry season. This seasonal 
variability is accompanied by an increase in phytoplankton absorption at 440 nm, 
aph(440), from X≈ 0.04 m-1 in the wet season to X≈ 0.06 m-1 in the dry season. Values of 
aph(λ) in the blue wavelengths (e.g. 412 nm, 440 nm, and 490 nm) are significantly lower 
than those observed in Gelbstoff absorption, ag(λ) for the same wavelengths.  
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 Colored dissolved organic matter (CDOM), or Gelbstoff, concentration also remain 
high in the GOP and SEC, indistinctively of the season, as indicated by high values of its 
absorption coefficient, ag(λ), which at 440 nm ranged from 0.23 m-1 to 3.21 m-1. Spatial 
changes in CDOM concentrations are represented by a decrease in ag(440) values going 
from the GOP ( X  = 1.6 m-1) to the SEC ( X = 0.9 m-1).  
 Estimations of the contributions by CDOM, phytoplankton, and detritus to the total 
absorption coefficient, demonstrate that in the GOP and SEC close to 90% of the light at 
440 nm is absorbed by CDOM during both seasons, while the absorption by 
phytoplankton and detritus are more variable. During the dry season, phytoplankton 
absorb approximately half of the remaining 10% and detritus absorb the other half, in the 
GOP and SEC. During the wet season, the mean contribution by phytoplankton decreases 
to ~ 3% while the mean contribution by detritus increases to ~8% in the GOP; and in the 
SEC, the contribution by phytoplankton remains ~ 5% and the mean contribution by 
detritus decreases to ~3%. However, it is important to emphasize that these values could 
be as high as 34% for detritus in the GOP during the wet season, and as 20% for 
phytoplankton in the SEC during the dry season.  
  Ratios between ag(440) and aph(440) are highly variable and, in general, extremely 
large compared to those found in other coastal areas, with most of the values ranging 
between 10 and 50. While an extreme minimum value of 3.33 was observed in the station 
SIM3_11, it should be noted that this station was under the influence of an upwelling and 
red tied event.   
 Concentrations of total suspended matter (TSM) are also highly variable but normally 
below 10 mg l-1 in both in the GOP and SEC, with higher values around Serpent’s Mouth 
in the stations close to the Orinoco Delta. High values at these stations resulted in an 
overestimation of the mean concentration of TSM in the GOP. During SIM1 and SIM2 
TSM values remained very similar in and outside the GOP with values usually below 5 
mg l-1. Concentrations of TSM during SIM3 were extremely higher when compared to 
the other cruises, especially within the GOP. Unfortunately, there is no clear evidence 
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about the mechanism that could explain the distribution of TSM in the GOP and SEC, 
and further study is required. 
 Spectral changes in remote sensing reflectance, Rrs(λ), are mainly characterized by a 
shift of the Rrs maximum peak (Rrsmax) towards shorter wavelength. This shift occurred 
in a spatial transition indistinctively of the season. Wavelengths of Rmax decreased from 
~580 nm around the Orinoco delta to ~500 nm in the SEC. This shift is the result of the 
relative reduction in ag(λ) and, to a lesser extent, the decrease observed in TSM going 
from the GOP to the SEC. The reduction of ~ 50% in the magnitude of Rrsmax, going 
from waters near the Orinoco Delta to the SEC, is a result of the decrease in the 
concentration of TSM.  
 The impact of ag(λ) in the color of the Orinoco river plume is clearly demonstrated by 
its strong dominance in the absorption of light at the blue wavelengths over the 
absorption by suspended particles, significantly decreasing the water leaving radiance, 
Lw(λ), and therefore the Rrs(λ), at those spectral bands. This significant contribution of 
ag(λ) to the total absorption makes using empirical band ratio algorithms to derive 
chlorophyll-a concentrations from satellite sensors, in the SEC under the influence of the 
Orinoco river plume, problematic. The interference of ag(λ) causes the correlations 
between Rrs(λ) band ratios and chlorophyll-a concentrations, used by the OC4v4 
algorithm to be statistically insignificant, and results in algorithm failure with percentage 
errors >100%. Furthermore, the use of inversion modeling also results in significant 
overestimations of aph(λ), and excludes the possibility of estimating chlorophyll-a 
concentrations from aph(440) values derived from the model . These findings suggest that 
a semi-analytical (SA) algorithm based on inversion modeling from Rrs may not be a 
feasibly alternative for the determination of chlorophyll-a concentration either. A 
possible alternative to derive chlorophyll-a concentrations from Rrs(λ)  is the use of the 
fluorescence peak (~ 680 nm) characteristic of this pigment, since Gelbstoff would not 
have any interference at this wavelength. This alternative has yet to be tested for this 
region.     
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 Two positive outcomes were obtained by using the SA inversion model. It provided 
acceptable  %errors in the determination of ag(440) values (<20%), suggesting that using 
an inversion model (e.g. Carder et al., 1999) based on satellite data may be appropriate. 
Secondly, above water measurements of total radiance can be corrected for sky light 
reflectance and sun glint, thus obtaining more accurate values of Lw(λ) and therefore of 
Rrs(λ). 
 In conclusion, the high values of ag(440)  suggest that riverine dissolved organic 
matter (DOM) has a significant contribution to the carbon budget in SEC and GOP.  
More relevance must be given to the study of DOM and its colored fraction to the carbon 
cycle in these regions and to the estimation of remote sensed ag(λ) values. 
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Appendix A. Statistics Summary for surface temperature and salinity values 
 
A-1 SIM1-GOP 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 28.08 24.50 
Standard Error 0.11 0.17 
Median 28.08 24.50 
Standard Deviation 0.15 0.24 
Sample Variance 0.02 0.06 
Range 0.21 0.35 
Minimum 27.97 24.33 
Maximum 28.19 24.67 
Count 2 2 
 
A-2 SIM1-SEC 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 27.61 30.27 
Standard Error 0.40 0.95 
Median 28.10 29.94 
Standard Deviation 1.19 2.84 
Sample Variance 1.42 8.08 
Range 4.02 9.06 
Minimum 24.88 27.36 
Maximum 28.90 36.42 
Count 9 9 
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Appendix A. (Continued) 
 
A-3 SIM2-GOP 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 29.27 19.41 
Standard Error 0.10 0.72 
Median 29.15 19.50 
Standard Deviation 0.27 2.04 
Sample Variance 0.07 4.16 
Range 0.70 6.28 
Minimum 29.02 15.36 
Maximum 29.73 21.65 
Count 8 8 
 
A-4 SIM2-SEC 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
   
Mean 28.25 29.56 
Standard Error 0.27 1.49 
Median 28.10 29.78 
Standard Deviation 0.76 4.22 
Sample Variance 0.58 17.83 
Range 2.13 12.45 
Minimum 27.35 22.15 
Maximum 29.48 34.60 
Count 8 8 
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Appendix A. (Continued) 
 
A-5 SIM3-GOP 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 27.06 25.15 
Standard Error 0.15 0.91 
Median 27.02 25.58 
Standard Deviation 0.37 2.22 
Sample Variance 0.13 4.92 
Range 1.06 5.93 
Minimum 26.57 21.27 
Maximum 27.63 27.19 
Count 6 6 
 
A-6 SIM3-SEC 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 26.56 30.62 
Standard Error 0.40 1.53 
Median 26.79 29.17 
Standard Deviation 0.89 3.43 
Sample Variance 0.79 11.74 
Range 2.26 7.85 
Minimum 25.02 27.09 
Maximum 27.28 34.94 
Count 5 5 
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Appendix A. (Continued) 
 
A-7 SIM4-GOP 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 29.41 19.70 
Standard Error 0.19 0.86 
Median 29.50 20.04 
Standard Deviation 0.49 2.27 
Sample Variance 0.24 5.16 
Range 1.38 7.60 
Minimum 28.69 15.32 
Maximum 30.06 22.92 
Count 7 7 
 
A-8 SIM4-SEC 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 28.61 27.33 
Standard Error 0.45 2.76 
Median 28.86 23.78 
Standard Deviation 1.01 6.17 
Sample Variance 1.02 38.07 
Range 2.55 13.37 
Minimum 26.94 22.24 
Maximum 29.50 35.61 
Count 5 5 
 
 
 
 
 
 153
Appendix A. (Continued) 
 
A-9 SIM5-GOP 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 26.84 31.49 
Standard Error 0.05 0.30 
Median 26.86 31.51 
Standard Deviation 0.11 0.74 
Sample Variance 0.01 0.55 
Range 0.30 2.20 
Minimum 26.67 30.34 
Maximum 26.97 32.55 
Count 6 6 
 
A-10 SIM5-SEC 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 26.22 33.73 
Standard Error 0.34 0.71 
Median 26.44 33.18 
Standard Deviation 0.83 1.74 
Sample Variance 0.69 3.03 
Range 2.25 4.52 
Minimum 24.70 31.71 
Maximum 26.94 36.23 
Count 6 6 
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Appendix A. (Continued) 
 
A-11 SIM6-GOP 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 29.61 16.10 
Standard Error 0.19 1.02 
Median 29.48 16.28 
Standard Deviation 0.51 2.70 
Sample Variance 0.26 7.30 
Range 1.39 8.94 
Minimum 28.92 11.01 
Maximum 30.31 19.95 
Count 7 7 
 
A-12 SIM6-SEC 
  
TEMPERATURE 
(ºC) 
SALINITY 
(psu) 
Mean 28.94 27.43 
Standard Error 0.23 2.52 
Median 28.72 27.84 
Standard Deviation 0.56 6.17 
Sample Variance 0.32 38.07 
Range 1.46 17.16 
Minimum 28.53 17.49 
Maximum 29.99 34.64 
Count 6 6 
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Appendix B. Statistics Summary for surface chlorophyll-a (Chl-a) and total suspended 
matter (TSM) concentrations 
 
B-1 SIM1-GOP 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 2.43 3.20 
Standard Error 0.12 0.25 
Median 2.43 3.20 
Standard Deviation 0.17 0.35 
Sample Variance 0.03 0.13 
Range 0.23 0.50 
Minimum 2.31 2.95 
Maximum 2.54 3.45 
Count 2 2 
 
B-2 SIM1-SEC 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 1.72 4.61 
Standard Error 0.24 0.63 
Median 1.94 3.68 
Standard Deviation 0.71 1.79 
Sample Variance 0.50 3.19 
Range 2.27 4.40 
Minimum 0.15 3.10 
Maximum 2.42 7.50 
Count 9 8 
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Appendix B. (Continued) 
 
B-3 SIM2-GOP 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 1.14 3.66 
Standard Error 0.18 0.42 
Median 1.01 3.75 
Standard Deviation 0.50 1.20 
Sample Variance 0.25 1.43 
Range 1.50 3.69 
Minimum 0.62 2.25 
Maximum 2.12 5.94 
Count 8 8 
 
B-4 SIM2-SEC 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 1.14 3.74 
Standard Error 0.17 0.23 
Median 0.96 3.80 
Standard Deviation 0.48 0.60 
Sample Variance 0.23 0.36 
Range 1.18 1.85 
Minimum 0.63 2.60 
Maximum 1.80 4.45 
Count 8 7 
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Appendix B. (Continued) 
 
B-5 SIM3-GOP 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 1.61 53.69 
Standard Error 0.12 19.32 
Median 1.66 39.00 
Standard Deviation 0.28 47.32 
Sample Variance 0.08 2238.78 
Range 0.72 116.67 
Minimum 1.15 8.33 
Maximum 1.87 125.00 
Count 5 6 
Extreme value: 8.11 mg l-1 (SIM3_11)  
Not included in statistics 
 
B-6 SIM3-SEC 
  
Chl-a      
(µg l-1) 
TSM      
(µg l-1) 
Mean 1.43 8.17 
Standard Error 0.58 1.35 
Median 1.10 9.20 
Standard Deviation 1.30 3.01 
Sample Variance 1.69 9.06 
Range 3.35 7.75 
Minimum 0.17 3.05 
Maximum 3.52 10.80 
Count 5 5 
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Appendix B. (Continued) 
 
B-7 SIM4-GOP 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 1.25 N/A 
Standard Error 0.28 N/A 
Median 1.30 N/A 
Standard Deviation 0.73 N/A 
Sample Variance 0.54 N/A 
Range 1.99 N/A 
Minimum 0.39 N/A 
Maximum 2.38 N/A 
Count 7 0 
 
B-8 SIM4-SEC 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 1.25 N/A 
Standard Error 0.46 N/A 
Median 1.06 N/A 
Standard Deviation 1.03 N/A 
Sample Variance 1.07 N/A 
Range 2.73 N/A 
Minimum 0.28 N/A 
Maximum 3.00 N/A 
Count 5 0 
 
 
 
 
 
 159
Appendix B. (Continued) 
 
B-9 SIM5-GOP 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 0.92 8.38 
Standard Error 0.13 3.25 
Median 1.03 7.52 
Standard Deviation 0.32 7.97 
Sample Variance 0.10 63.45 
Range 0.76 22.10 
Minimum 0.51 1.50 
Maximum 1.27 23.60 
Count 6 6 
 
B-10 SIM5-SEC 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 0.67 3.72 
Standard Error 0.17 0.12 
Median 0.59 3.65 
Standard Deviation 0.43 0.30 
Sample Variance 0.18 0.09 
Range 1.29 0.85 
Minimum 0.18 3.35 
Maximum 1.47 4.20 
Count 6 6 
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Appendix B. (Continued) 
 
B-11 SIM6-GOP 
  
Chl-a      
(µg l-1) 
TSM      
(mg l-1) 
Mean 1.12 10.83 
Standard Error 0.14 4.86 
Median 1.09 5.96 
Standard Deviation 0.36 12.86 
Sample Variance 0.13 165.35 
Range 0.90 37.72 
Minimum 0.62 0.48 
Maximum 1.52 38.20 
Count 7 7 
 
B-12 SIM6-SEC 
  
Chl-a      
(µg l-1) 
TSM      
(µg l-1) 
Mean 0.65 5.03 
Standard Error 0.23 1.48 
Median 0.45 3.29 
Standard Deviation 0.57 3.63 
Sample Variance 0.33 13.19 
Range 1.36 8.91 
Minimum 0.17 2.37 
Maximum 1.53 11.28 
Count 6 6 
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Appendix C. Statistics Summary for surface nutrient concentrations 
 
C-1 SIM1-GOP 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.06 21.77 0.03 0.20 0.34 
Standard Error 0.01 0.21 0.03 0.08 0.14 
Median 0.06 21.77 0.03 0.20 0.34 
Standard Deviation 0.02 0.30 0.04 0.11 0.20 
Sample Variance 0.00 0.09 0.00 0.01 0.04 
Minimum 0.05 21.56 0.00 0.12 0.20 
Maximum 0.07 21.98 0.06 0.28 0.48 
Count 2 2 2 2 2 
 
C-2 SIM1-SEC 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.13 10.75 0.20 0.67 0.21 
Standard Error 0.03 2.56 0.09 0.29 0.03 
Median 0.11 12.21 0.12 0.44 0.22 
Standard Deviation 0.07 6.27 0.21 0.72 0.06 
Sample Variance 0.00 39.35 0.04 0.52 0.00 
Range 0.19 16.63 0.52 1.88 0.15 
Minimum 0.05 0.00 0.02 0.00 0.13 
Maximum 0.24 16.63 0.53 1.88 0.28 
Count 6 6 6 6 6 
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Appendix C. (continued) 
 
C-3 SIM2-GOP 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.08 43.66 0.07 1.21 0.73 
Standard Error 0.03 4.55 0.02 0.41 0.14 
Median 0.08 45.17 0.06 1.25 0.58 
Standard Deviation 0.08 12.87 0.06 1.16 0.41 
Sample Variance 0.01 165.72 0.00 1.34 0.17 
Range 0.21 31.03 0.19 2.68 1.10 
Minimum 0.00 27.17 0.00 0.00 0.33 
Maximum 0.21 58.21 0.19 2.68 1.42 
Count 8 8 8 8 8 
 
C-4 SIM2-SEC 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3         
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.04 14.92 0.03 0.15 0.21 
Standard Error 0.02 3.07 0.01 0.07 0.04 
Median 0.00 15.25 0.02 0.12 0.25 
Standard Deviation 0.06 8.12 0.03 0.18 0.11 
Sample Variance 0.00 65.95 0.00 0.03 0.01 
Range 0.13 22.24 0.06 0.48 0.31 
Minimum 0.00 4.16 0.00 0.00 0.00 
Maximum 0.13 26.39 0.06 0.48 0.31 
Count 7 7 7 7 7 
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Appendix C. (continued) 
 
C-5 SIM3-GOP 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3         
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.24 25.86 0.27 0.78 0.27 
Standard Error 0.02 2.51 0.06 0.36 0.02 
Median 0.24 23.49 0.25 0.45 0.28 
Standard Deviation 0.06 6.14 0.14 0.88 0.05 
Sample Variance 0.00 37.70 0.02 0.77 0.00 
Range 0.15 16.50 0.40 2.28 0.14 
Minimum 0.16 21.18 0.12 0.11 0.19 
Maximum 0.31 37.67 0.52 2.39 0.34 
Count 6 6 6 6 6 
 
C-6 SIM3-SEC 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.23 11.85 0.14 0.54 0.08 
Standard Error 0.04 3.16 0.05 0.15 0.05 
Median 0.22 14.98 0.09 0.55 0.00 
Standard Deviation 0.09 7.07 0.12 0.34 0.11 
Sample Variance 0.01 49.96 0.01 0.12 0.01 
Range 0.24 15.22 0.31 0.91 0.23 
Minimum 0.12 2.80 0.02 0.00 0.00 
Maximum 0.37 18.02 0.33 0.91 0.23 
Count 5 5 5 5 5 
 
 
 
 
 
 164
Appendix C. (continued) 
 
C-7 SIM4-GOP 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.11 33.14 0.11 0.64 0.64 
Standard Error 0.04 1.33 0.02 0.21 0.21 
Median 0.07 33.07 0.09 0.55 0.55 
Standard Deviation 0.09 3.51 0.06 0.54 0.54 
Sample Variance 0.01 12.31 0.00 0.30 0.30 
Range 0.27 10.55 0.17 1.30 1.30 
Minimum 0.04 28.77 0.03 0.00 0.00 
Maximum 0.31 39.32 0.20 1.30 1.30 
Count 7 7 7 7 7 
 
C-8 SIM4-SEC 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.10 16.97 0.12 0.50 0.91 
Standard Error 0.04 4.56 0.04 0.37 0.04 
Median 0.11 19.60 0.11 0.21 0.92 
Standard Deviation 0.08 10.20 0.09 0.82 0.10 
Sample Variance 0.01 104.12 0.01 0.67 0.01 
Range 0.21 25.46 0.21 1.95 0.25 
Minimum 0.01 5.40 0.02 0.00 0.76 
Maximum 0.22 30.85 0.23 1.95 1.01 
Count 5 5 5 5 5 
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Appendix C. (continued) 
 
C-9 SIM5-GOP 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.19 10.23 0.07 0.26 0.38 
Standard Error 0.03 0.83 0.02 0.06 0.31 
Median 0.22 9.92 0.07 0.29 0.10 
Standard Deviation 0.08 2.03 0.04 0.15 0.76 
Sample Variance 0.01 4.11 0.00 0.02 0.57 
Range 0.23 5.37 0.09 0.40 1.92 
Minimum 0.02 8.22 0.02 0.05 0.00 
Maximum 0.25 13.59 0.11 0.45 1.92 
Count 6 6 6 6 6 
 
C-10 SIM5-SEC 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.23 6.15 0.16 0.90 0.08 
Standard Error 0.03 2.11 0.04 0.17 0.02 
Median 0.24 7.59 0.13 0.93 0.07 
Standard Deviation 0.06 4.21 0.09 0.35 0.04 
Sample Variance 0.00 17.75 0.01 0.12 0.00 
Range 0.13 9.37 0.19 0.66 0.09 
Minimum 0.15 0.03 0.09 0.54 0.05 
Maximum 0.28 9.40 0.28 1.20 0.14 
Count 4 4 4 4 4 
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Appendix C. (continued) 
 
C-11 SIM6-GOP 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.00 33.09 0.04 0.55 0.28 
Standard Error 0.00 3.09 0.01 0.30 0.11 
Median 0.00 31.64 0.02 0.00 0.14 
Standard Deviation 0.01 8.17 0.03 0.79 0.30 
Sample Variance 0.00 66.71 0.00 0.63 0.09 
Range 0.02 23.87 0.07 1.77 0.69 
Minimum 0.00 25.24 0.01 0.00 0.00 
Maximum 0.02 49.11 0.08 1.77 0.69 
Count 7 7 7 7 7 
 
C-12 SIM6-SEC 
  
P04           
(µg l-1) 
Si(OH)4     
(µg l-1) 
NO2          
(µg l-1) 
NO3          
(µg l-1) 
NH4          
(µg l-1) 
Mean 0.00 17.10 0.01 0.00 0.16 
Standard Error 0.00 3.88 0.00 0.00 0.04 
Median 0.00 17.23 0.01 0.00 0.13 
Standard Deviation 0.00 9.50 0.01 0.00 0.10 
Sample Variance 0.00 90.23 0.00 0.00 0.01 
Range 0.01 24.53 0.01 0.00 0.27 
Minimum 0.00 4.39 0.00 0.00 0.05 
Maximum 0.01 28.92 0.01 0.00 0.32 
Count 6 6 6 6 6 
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Appendix D. Statistics Summary for surface phytoplankton (aph(λ)) and detritus (ad(λ)) 
absorption coefficients in the blue wavelengths 
 
D-1 SIM1-GOP 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.048 0.050 0.035 0.055 0.018 0.032 
Standard Error 0.001 0.000 0.001 0.000 0.000 0.001 
Median 0.048 0.050 0.035 0.055 0.018 0.032 
Standard Deviation 0.002 0.000 0.001 0.000 0.001 0.001 
Sample Variance 0.000 0.000 0.000 0.000 0.000 0.000 
Range 0.002 0.000 0.002 0.001 0.001 0.001 
Minimum 0.047 0.050 0.034 0.054 0.017 0.031 
Maximum 0.049 0.050 0.036 0.055 0.018 0.032 
Count 2 2 2 2 2 2 
 
D-2 SIM1-SEC 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.071 0.045 0.051 0.051 0.027 0.029 
Standard Error 0.034 0.005 0.025 0.005 0.015 0.003 
Median 0.038 0.044 0.027 0.054 0.013 0.030 
Standard Deviation 0.084 0.011 0.062 0.011 0.036 0.008 
Sample Variance 0.007 0.000 0.004 0.000 0.001 0.000 
Range 0.210 0.030 0.154 0.028 0.088 0.019 
Minimum 0.032 0.032 0.024 0.037 0.012 0.019 
Maximum 0.242 0.061 0.178 0.065 0.100 0.038 
Count 6 6 6 6 6 6 
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Appendix D. (continued) 
 
D-3 SIM2-GOP 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.171 0.036 0.127 0.039 0.076 0.021 
Standard Error 0.050 0.003 0.038 0.003 0.023 0.002 
Median 0.152 0.036 0.112 0.036 0.066 0.019 
Standard Deviation 0.143 0.008 0.106 0.010 0.066 0.006 
Sample Variance 0.020 0.000 0.011 0.000 0.004 0.000 
Range 0.385 0.025 0.290 0.028 0.179 0.018 
Minimum 0.024 0.026 0.018 0.029 0.009 0.015 
Maximum 0.409 0.051 0.307 0.057 0.189 0.032 
Count 8 8 8 8 8 8 
 
D-4 SIM2-SEC 
  
ad(412)    
(m-1) 
aph(412)  
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.033 0.037 0.024 0.043 0.013 0.024 
Standard Error 0.008 0.003 0.006 0.003 0.003 0.002 
Median 0.028 0.040 0.020 0.045 0.011 0.025 
Standard Deviation 0.022 0.008 0.016 0.009 0.009 0.005 
Sample Variance 0.000 0.000 0.000 0.000 0.000 0.000 
Range 0.060 0.023 0.044 0.024 0.025 0.014 
Minimum 0.007 0.024 0.005 0.030 0.003 0.017 
Maximum 0.067 0.047 0.049 0.053 0.027 0.031 
Count 7 7 7 7 7 7 
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Appendix D. (continued) 
 
D-5 SIM3-GOP 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.257 0.109 0.185 0.140 0.116 0.079 
Standard Error 0.110 0.068 0.079 0.082 0.047 0.043 
Median 0.220 0.042 0.165 0.064 0.107 0.033 
Standard Deviation 0.268 0.167 0.194 0.202 0.116 0.106 
Sample Variance 0.072 0.028 0.038 0.041 0.013 0.011 
Range 0.739 0.436 0.535 0.515 0.317 0.270 
Minimum 0.015 0.009 0.009 0.035 0.007 0.024 
Maximum 0.754 0.445 0.545 0.550 0.324 0.294 
Count 6 6 6 6 6 6 
 
D-6 SIM3-SEC 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.038 0.067 0.026 0.086 0.014 0.052 
Standard Error 0.015 0.040 0.011 0.047 0.006 0.027 
Median 0.024 0.035 0.014 0.042 0.009 0.025 
Standard Deviation 0.034 0.089 0.024 0.106 0.012 0.061 
Sample Variance 0.001 0.008 0.001 0.011 0.000 0.004 
Range 0.075 0.219 0.051 0.252 0.029 0.144 
Minimum 0.003 0.005 0.002 0.021 0.002 0.015 
Maximum 0.078 0.223 0.053 0.273 0.030 0.159 
Count 5 5 5 5 5 5 
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Appendix D. (continued) 
 
D-7 SIM4-GOP 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.322 0.043 0.233 0.051 0.137 0.029 
Standard Error 0.155 0.011 0.114 0.012 0.069 0.008 
Median 0.106 0.033 0.074 0.040 0.041 0.023 
Standard Deviation 0.411 0.028 0.300 0.032 0.182 0.020 
Sample Variance 0.169 0.001 0.090 0.001 0.033 0.000 
Range 0.991 0.078 0.728 0.090 0.442 0.058 
Minimum 0.038 0.019 0.026 0.023 0.012 0.013 
Maximum 1.029 0.097 0.754 0.113 0.454 0.071 
Count 7 7 7 7 7 7 
 
D-8 SIM5-SEC 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.047 0.036 0.033 0.045 0.018 0.023 
Standard Error 0.020 0.009 0.014 0.010 0.008 0.006 
Median 0.033 0.029 0.023 0.035 0.012 0.018 
Standard Deviation 0.045 0.020 0.032 0.023 0.018 0.014 
Sample Variance 0.002 0.000 0.001 0.001 0.000 0.000 
Range 0.109 0.052 0.079 0.059 0.043 0.035 
Minimum 0.016 0.014 0.010 0.023 0.006 0.011 
Maximum 0.125 0.066 0.089 0.082 0.049 0.046 
Count 5 5 5 5 5 5 
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Appendix D. (continued) 
 
D-9 SIM5-GOP 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.105 0.046 0.074 0.055 0.043 0.031 
Standard Error 0.054 0.010 0.039 0.010 0.023 0.006 
Median 0.070 0.045 0.049 0.060 0.027 0.034 
Standard Deviation 0.132 0.025 0.095 0.025 0.056 0.014 
Sample Variance 0.017 0.001 0.009 0.001 0.003 0.000 
Range 0.355 0.071 0.257 0.066 0.151 0.038 
Minimum 0.006 0.019 0.003 0.026 0.002 0.014 
Maximum 0.362 0.090 0.260 0.092 0.153 0.051 
Count 6 6 6 6 6 6 
 
D-10 SIM5-SEC 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.032 0.030 0.023 0.039 0.012 0.021 
Standard Error 0.009 0.010 0.006 0.012 0.004 0.007 
Median 0.032 0.024 0.023 0.030 0.013 0.018 
Standard Deviation 0.022 0.025 0.016 0.030 0.009 0.018 
Sample Variance 0.000 0.001 0.000 0.001 0.000 0.000 
Range 0.048 0.069 0.036 0.083 0.019 0.050 
Minimum 0.008 0.009 0.005 0.016 0.002 0.007 
Maximum 0.057 0.078 0.041 0.099 0.022 0.057 
Count 6 6 6 6 6 6 
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Appendix D. (continued) 
 
D-11 SIM6-GOP 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.225 0.053 0.165 0.052 0.099 0.031 
Standard Error 0.092 0.008 0.069 0.005 0.043 0.003 
Median 0.058 0.044 0.039 0.048 0.020 0.031 
Standard Deviation 0.244 0.021 0.182 0.013 0.113 0.007 
Sample Variance 0.060 0.000 0.033 0.000 0.013 0.000 
Range 0.533 0.055 0.390 0.035 0.243 0.021 
Minimum 0.026 0.033 0.017 0.035 0.007 0.021 
Maximum 0.558 0.088 0.407 0.070 0.250 0.042 
Count 7 7 7 7 7 7 
 
D-12 SIM6-SEC 
  
ad(412)    
(m-1) 
aph(412)   
(m-1) 
ad(440)    
(m-1) 
aph(440)   
(m-1) 
ad(492)    
(m-1) 
aph(492)   
(m-1) 
Mean 0.025 0.026 0.018 0.028 0.009 0.016 
Standard Error 0.011 0.008 0.008 0.009 0.004 0.005 
Median 0.018 0.017 0.012 0.020 0.005 0.011 
Standard Deviation 0.028 0.020 0.020 0.022 0.011 0.012 
Sample Variance 0.001 0.000 0.000 0.000 0.000 0.000 
Range 0.072 0.054 0.052 0.057 0.028 0.033 
Minimum 0.004 0.011 0.003 0.013 0.001 0.007 
Maximum 0.076 0.065 0.055 0.070 0.029 0.040 
Count 6 6 6 6 6 6 
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Appendix E. Statistics Summary for surface Gelbstoff absorption coefficient at 440 nm 
(ag(440)) and spectral slope  
 
 
E-1 SIM1-GOP 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.76 0.012 
Standard Error 0.62 0.002 
Median 1.76 0.012 
Standard Deviation 0.88 0.003 
Sample Variance 0.77 0.000 
Range 1.24 0.004 
Minimum 1.14 0.010 
Maximum 2.38 0.014 
Count 2 2 
 
E-2 SIM1-SEC 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 0.71 0.014 
Standard Error N/A N/A 
Median N/A N/A 
Standard Deviation N/A N/A 
Sample Variance N/A N/A 
Range N/A N/A 
Minimum N/A N/A 
Maximum N/A N/A 
Count 1 1 
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Appendix E. (continued) 
 
E-3 SIM2-GOP 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.25 0.015 
Standard Error 0.15 0.001 
Median 1.33 0.015 
Standard Deviation 0.42 0.001 
Sample Variance 0.18 0.000 
Range 1.42 0.005 
Minimum 0.40 0.013 
Maximum 1.82 0.018 
Count 8 8 
 
E-4 SIM2-SEC 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 0.59 0.016 
Standard Error 0.08 0.000 
Median 0.56 0.016 
Standard Deviation 0.16 0.000 
Sample Variance 0.02 0.000 
Range 0.32 0.001 
Minimum 0.45 0.016 
Maximum 0.77 0.017 
Count 4 4 
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Appendix E. (continued) 
 
E-5 SIM3-GOP 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.92 0.013 
Standard Error 0.18 0.000 
Median 1.98 0.013 
Standard Deviation 0.45 0.001 
Sample Variance 0.20 0.000 
Range 1.25 0.001 
Minimum 1.24 0.013 
Maximum 2.48 0.014 
Count 6 6 
 
E-6 SIM3-SEC 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.49 0.014 
Standard Error 0.16 0.001 
Median 1.63 0.014 
Standard Deviation 0.28 0.001 
Sample Variance 0.08 0.000 
Range 0.50 0.002 
Minimum 1.17 0.013 
Maximum 1.67 0.015 
Count 3 3 
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Appendix E. (continued) 
 
E-7 SIM4-GOP 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.74 0.014 
Standard Error 0.38 0.000 
Median 1.16 0.015 
Standard Deviation 1.01 0.001 
Sample Variance 1.01 0.000 
Range 2.18 0.002 
Minimum 1.02 0.013 
Maximum 3.21 0.015 
Count 7 7 
 
E-8 SIM4-SEC 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.110 0.015 
Standard Error N/A N/A 
Median N/A N/A 
Standard Deviation N/A N/A 
Sample Variance N/A N/A 
Range N/A N/A 
Minimum N/A N/A 
Maximum N/A N/A 
Count 1 1 
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Appendix E. (continued) 
 
E-9 SIM5-GOP 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.17 0.015 
Standard Error 0.50 0.001 
Median 0.83 0.015 
Standard Deviation 0.99 0.002 
Sample Variance 0.99 0.000 
Range 2.18 0.005 
Minimum 0.41 0.012 
Maximum 2.59 0.017 
Count 4 4 
 
E-10 SIM5-SEC 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 0.24 0.020 
Standard Error 0.01 0.000 
Median 0.24 0.020 
Standard Deviation 0.01 0.001 
Sample Variance 0.00 0.000 
Range 0.01 0.001 
Minimum 0.23 0.019 
Maximum 0.25 0.020 
Count 2 2 
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Appendix E. (continued) 
 
D-11 SIM6-GOP 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.87 0.014 
Standard Error 0.24 0.000 
Median 1.68 0.014 
Standard Deviation 0.54 0.001 
Sample Variance 0.29 0.000 
Range 1.27 0.001 
Minimum 1.43 0.013 
Maximum 2.70 0.014 
Count 5 5 
 
D-12 SIM6-SEC 
  
ag(440)    
(m-1) 
Slope      
(nm-1) 
Mean 1.27 0.014 
Standard Error 0.27 0.000 
Median 1.27 0.014 
Standard Deviation 0.38 0.000 
Sample Variance 0.15 0.000 
Range 0.54 0.000 
Minimum 1.00 0.014 
Maximum 1.54 0.014 
Count 2 2 
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Appendix F. Statistics Summary for surface contributions (%) of Gelbstoff absorption 
(ag(440)), detritus absorption (ad(440)), and phytoplankton absorption 
(aph(440)) to the total absorption coefficient (a(440)) at 440 nm 
 
F-1 SIM1-GOP 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 94.17 2.13 3.31 
Standard Error 2.00 0.75 1.12 
Median 94.17 2.13 3.31 
Standard Deviation 2.83 1.07 1.58 
Sample Variance 7.99 1.14 2.49 
Range 4.00 1.51 2.23 
Minimum 92.17 1.38 2.20 
Maximum 96.17 2.89 4.43 
Count 2 2 2 
 
F-2 SIM1-SEC 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 74.79 18.82 5.72 
Standard Error N/A N/A N/A 
Median N/A N/A N/A 
Standard Deviation N/A N/A N/A 
Sample Variance N/A N/A N/A 
Range N/A N/A N/A 
Minimum N/A N/A N/A 
Maximum N/A N/A N/A 
Count 1 1 1 
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Appendix F. (continued) 
 
F-3 SIM2-GOP 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 88.42 7.77 3.26 
Standard Error 1.34 1.67 0.59 
Median 88.27 7.46 2.70 
Standard Deviation 3.80 4.71 1.68 
Sample Variance 14.41 22.21 2.82 
Range 11.51 12.75 4.80 
Minimum 84.02 1.41 1.53 
Maximum 95.53 14.16 6.33 
Count 8 8 8 
 
F-4  SIM2-SEC 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 87.71 3.97 7.33 
Standard Error 0.75 0.20 0.78 
Median 87.95 3.92 7.26 
Standard Deviation 1.51 0.40 1.56 
Sample Variance 2.28 0.16 2.44 
Range 3.63 0.96 3.81 
Minimum 85.66 3.54 5.48 
Maximum 89.29 4.50 9.30 
Count 4 4 4 
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Appendix F. (continued) 
 
F-5 SIM3-GOP 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 85.57 8.06 6.07 
Standard Error 4.24 2.85 3.12 
Median 84.75 8.82 3.17 
Standard Deviation 10.38 6.98 7.64 
Sample Variance 107.67 48.71 58.40 
Range 27.30 19.07 19.97 
Minimum 70.59 0.37 1.24 
Maximum 97.89 19.44 21.21 
Count 6 6 6 
 
F-6 SIM3-SEC 
  
ag(440)    
% 
ad(440)   
% 
aph(440)   
% 
Mean 94.98 1.52 3.08 
Standard Error 1.13 0.71 1.30 
Median 95.56 1.14 2.50 
Standard Deviation 1.96 1.23 2.24 
Sample Variance 3.85 1.51 5.03 
Range 3.79 2.37 4.37 
Minimum 92.80 0.53 1.19 
Maximum 96.59 2.89 5.56 
Count 3 3 3 
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Appendix F. (continued) 
 
F-7 SIM4-GOP 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 86.51 10.33 2.77 
Standard Error 4.81 4.53 0.46 
Median 91.68 5.30 2.77 
Standard Deviation 12.73 11.99 1.21 
Sample Variance 161.99 143.78 1.47 
Range 35.93 32.16 3.68 
Minimum 60.95 2.15 0.70 
Maximum 96.88 34.30 4.37 
Count 7 7 7 
 
F-8 SIM4-SEC 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 93.71 2.81 2.95 
Standard Error N/A N/A N/A 
Median N/A N/A N/A 
Standard Deviation N/A N/A N/A 
Sample Variance N/A N/A N/A 
Range N/A N/A N/A 
Minimum N/A N/A N/A 
Maximum N/A N/A N/A 
Count 1 1 1 
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Appendix F. (continued) 
 
F-9 SIM5-GOP 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 91.23 2.39 5.50 
Standard Error 1.35 0.16 1.11 
Median 90.26 2.24 6.13 
Standard Deviation 2.70 0.32 2.21 
Sample Variance 7.27 0.10 4.89 
Range 6.01 0.66 5.11 
Minimum 89.20 2.22 2.30 
Maximum 95.20 2.88 7.41 
Count 4 4 4 
 
F-10 SIM5-SEC 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 90.70 1.29 6.27 
Standard Error 3.43 0.77 1.99 
Median 90.70 1.29 6.27 
Standard Deviation 4.85 1.09 2.81 
Sample Variance 23.49 1.19 7.89 
Range 6.85 1.54 3.97 
Minimum 87.28 0.52 4.29 
Maximum 94.13 2.06 8.26 
Count 2 2 2 
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Appendix F. (continued) 
 
F-11 SIM6-GOP 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 91.24 5.65 2.78 
Standard Error 2.21 2.37 0.22 
Median 93.44 2.58 2.75 
Standard Deviation 4.94 5.29 0.50 
Sample Variance 24.42 28.04 0.25 
Range 10.72 11.44 1.37 
Minimum 84.86 1.30 2.20 
Maximum 95.58 12.74 3.57 
Count 5 5 5 
 
F-12 SIM6-SEC 
  
ag(440)    
% 
ad(440)    
% 
aph(440)   
% 
Mean 96.99 0.82 1.68 
Standard Error 0.77 0.45 0.43 
Median 96.99 0.82 1.68 
Standard Deviation 1.09 0.64 0.60 
Sample Variance 1.18 0.41 0.36 
Range 1.54 0.91 0.85 
Minimum 96.22 0.37 1.25 
Maximum 97.76 1.28 2.11 
Count 2 2 2 
 
